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We propose a polarization insensitive lossless Y-junction optical switch (Y-JOS) 
based on strained multiple quantum well (MQW) semiconductor optical amplifier 
(SOA) gates. Its main advantages compared with similar devices fabricated from the 
bulk material include: wide bandwidth; polarization independence; large gain 
saturated power, high operating speed, low noise performance and low operating 
current; easy fabrication and integration to achieve a large switching matrixes. 
Jn order to achieve polarization insensitive operation for the proposed optical 
switches, bandgap engineering for the strained MQW active layers is investigated. In 
contrast to common approaches for calculation of band lineup, in which all the 
parameters of the quaternary material are derived by interpolation from binary or 
ternary compound that consists the quaternary alloys, we use empirical equations 
which are verified indirectly by experimental results in first priority, only those 
parameters of the quaternary compound which have not such known empirical 
equations are calculated by interpolation scheme. We show that for quaternary 
InGaAsP material which is most useful in optical fiber communication, it can 
always be decomposed into tii_xGaxAs and InP, thus any relevant bulk material 
parameter of JnF and Lii.xGaxAs can be probably used to predict the same material 
parameter of the quaternary alloy. We show that numerical results based on our band 
lineup and optical gain calculation model are consistent with the published 
experimental data for a polarization insensitive gain medium. 
A record large blue shift in photoluminescence (PL) peak of 132 nm for a 4-
QW InGaAsAnGaAsPAnP laser structure and 54 nm for single QW InGaAs/GaAs 
laser structure have been demonstrated using HE-HEI technology. As for the control 
samples which are not implanted but under the same anneal process, bandgap tuning 
as small as 5 nm for LiP based laser structure and 1 nm for GaAs based structure are 
observed. This feature makes HE-EEI very attractive for selective intermixing of 
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MQW structures. The reduction in band gap absorption for the InP based laser 
structure has also been studied experimentally. For the control samples of PL peak 
around 1580 nm, it is nontransparent for optical light with wavelength of 1576 nm， 
the intensity attenuation is estimated to be -364.8 dB/cm for TE mode and -205 
dB/cm for TM mode. However, for its corresponding 132-nm-blue-shifted material, 
the intensity attenuation is decreased to -122 dB/cm for TE mode and -86 dB/cm for 
TM mode. Electro-absorption characteristics has also been demonstrated in the 
intermixed structure. 
We have achieved for the first time a successful fabrication and operation of 
a Y-JOS using HE-EEI and a simple self-aligned ridged waveguide technology in an 
LiP based MQW laser structure. An extinction ratio better than 18.27 dB for the TE 
mode and 8.65 dB for the TM mode, a crosstalk better than -18.33 dB for the TE 
mode and -8.46 dB for the TM mode have been demonstrated. The fabrication 
process is much simpler than that for comparative devices but using a conventional 
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1.1 The Current Situation of Space-Division Optical 
Switches 
Optical switches are important devices for optical communication and computing 
systems, they can operate directly on the light without optoelectronic conversion and 
retransmission, thus reducing the number of optical-to-electrical and electrical-to-
optical conversions [Fuji90], and allow a simpler network topology with enhanced 
operation speed [Cava91]. Li general, there are three kinds of switching techniques 
that have been investigated, they are space-division switching, wavelength-division 
switching and time-division switching respectively. Of the three switching 
techniques, optical space-division switching seem to be the most attractive and 
practical on account of its wavelength and data format transparency [Yao92]. Due to 
the intrinsic complexity of optical switches and Optoelectronic Integrated Circuits 
(OEIC), to date the largest monolithically integrated switch matrix is based on 8x8 
directional couplers[Thyl88,Hama92]. A prototype space-division switching system 
has been demonstrated with only 128 lines in 5 stages. [Sawa95]. As a mater of fact, 
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there is a long way to go before practical optical switching systems can be 
commercialized. 
Most space switching matrices are configured in stages (or tandems), and 
require a large number of basic cross-point elements as the capacity of the switching 
matrix increases. As a result, optical losses in an optical switch matrix and crosstalks 
in waveguide crossings will be accumulate excessively to make the optical switch 
fail to work with the increase of tandem stages. Therefore, the capacity of a space-
division switching system is limited by its cross-talk and optical loss characteristics 
[Fuji90]. Although the cause of large crosstalk is quite different for different 
switches, it can be reduced either by using a large crossing angle for crossing 
waveguides or by absorbing the undesired signal. The switch insertion loss can be 
compensated by introducing a gain element into the switch structures, such as a 
semiconductor optical amplifier (SOA). A SOA switch was first demonstrated by 
M.Dceda using a laser amplifier as a switching gate [Dced81]. Since then, several 
switching schemes have been reported, such as the twin-guide amplifier switch, the 
internal reflection type switch with SOA and the laser amplifier gate switches. We 
will briefly review first the typical spaced division switches which have been 
investigated intensively for cross connections in lightwave transmission. 
1.1.1 Digital Optical switches (DOS) 
The DOS operates using adiabatic mode evolution [Silb88]. The basic configuration 
is shown in Fig. 1.1. Jn the ideal case, a mode entering the waveguide with higher 
mode index generates in the two-mode section in device the fundamental mode and 
couples to the high refractive index output port. A mode entering the low guiding 
waveguide generates the second mode leaves on the low guiding output [Nolt95]. 
The Y junction can be made asymmetric by either current injection or reverse bias 
voltage induced change of the refractive index of one of its arms. It allows 
relaxation of the wavelength and polarization sensitivity. The transmitted light 
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Fig. 1.1 Top view of the digital optical switch (DOS). The ohmic contact is in dotted 
areas. Hatched Zone is GaInAsP layer (after ref. [Cavai91]) 
Very low loss (0.5 dB extra loss, 1.1 dB/cm loss for the TE mode and 2 dB/cm loss 
for the TM mode) operation at 1.52-1.57 ^im have been achieved for a pin double 
heterojunction InPAnGaAsP waveguide with a Y junction of 2 mrad angle and length 
of 8 mm [Vinc92a]. Under 10 V reverse biased voltage, the crosstalk is 13.8 dB for 
TE mode, 12.1 dB for TM mode. Under 6 mA injection current, the crosstalk is 15.7 
dB for TE mode, 15.2 dB for TM mode. And crosstalk varies only 1 dB in 1.52-
1.57|xm [Vinc92a]. Polarization insensitive 4x4 DOS switch matrix on LiP with the 
device size of 40x2.5 mm has been reported [Vinc92b]. 
1.1.2 Twin-guide amplifier (TGA) 
Simgh et al.[Sing92] reported a twin ridge-waveguide optical amplifier with 1 dB 
insertion loss for TE mode with total 140 mA injection current. This device is slight 
polarization dependent. A band width greater than 30 nm and crosstalk of less than 
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Fig. 1.2 Schematic structure of twin-guide amplifier optical switch (after ref. [Mace90]) 
-33 dB for the cross states, -28 dB for bar states are achieved. [Sing92]. The basic 
structure of a TGA is shown in Fig. 1.2. Integrated lossless InGaAsP/InP l-to-4 
optical switch, based on the integration of a number of twin-guide amplifier 
interconnected by active ridge waveguide, has also been reported [Davi94]. 
1.1.3 Direction coupler with amplifiers 
Fig. 1.3 shows a 2x2 switch based on direction coupler monolithically integrated 
with one amplifier on each arm. 0 dB fiber to fiber insertion loss at 1.5 [im with 17 
dB extinction ratio is demonstrated with less than 6 mA driving current to switch 
from bar to cross states and 100-140 mA amplifier operation current (the coupling 
length for the coupler is 4 m m ) [Glas93]. 
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Fig. 1.3 Schematic structure of the optical switch composed of direction coupler and 
amplifiers (after ref. [Glas93]) 
To compare Fig. 1.1 and Fig. 1.2, we can see that TGA is quite similar to 
DOS when operate at current injection mode. The difference is that only one 
waveguide is injected with current in DOS, the incoming light is directed to the 
uninjected waveguide which effective index is higher, so there is no gain for the 
transmitted light in guided mode. However, for TGA, the uninjected waveguide is 
replaced by an injected waveguide with a smaller current, due to a smaller electro-
optical carrier effect, its effective index is still higher than that of the other 
waveguide which is under a larger current injection. Therefore the guided light has 
optical gain by stimulating emission. There are also similarities between TGA and 
direction coupler with amplifier, both of them employ adiabatic coupling behavior of 
mode and stimulating emission. Their device configurations are also similar. Refer to 
Fig. 1.2 and Fig. 1.3，in direction coupler with amplifier, the electrode of the 
coupler and electrode of the amplifier are separated, however, for TGA, the two 
electrodes are linked up. 
1.1.4 Total internal reflection type switch with amplifier 
As shown in Fig. 1.4，the unit cell of this type of switch consists of an X-crossing 
waveguide, two Y-branch switches, and a SOA. Fiber to fiber gain of 5 dB for the TE 
mode, 3 dB for the TM mode and an ON/OFF ratio of 54 dB have been demonstrated 
by a 4x4 switch matrix using this structure [Kirh94]. 
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Fig. 1.4 Unit cell of total internal reflection type switch with amplifier (after ref. 
[Kirh94]) 
The X-crossing angle is 10° and the Y-branch angle is 5°. Two Y-branch 
switches and a SOA are operated simultaneously. The Y-branch switches use the 
carrier-induced negative refractive index change, and the change optical path by the 
total reflection. The SOA compensates for the loss of the whole device when the 
switching elements are on state, and absorb the optical crosstalk arising from Y-
branch switch when they are on the off state. Thus the unit cell provides lossless 
switching and reduces crosstalk at the same time. Fiber to fiber lossless switching 
can be performed for example at a switch injection current of 50 mA and with an 
amplifier injection current of 200 mA. The cause of the dependence on polarization 
is due to the SOA that has bulk active layer. A strained MQW active layer would let 
it be possible polarization independent gain characteristics [Kirh94]. The ultra low 
crosstalk may arise from the large crossing angle between the waveguides and 
absorption of the SOA in off state. However, large crossing angle leads to a large 
switching injection current in order to achieve total internal reflection and amplifier 
injection current to compensate large excessive radiation loss of light at the bends. 
1.1.5 Semiconductor optical amplifier gate switches 
A passive Y junction as a power splitter in combination with two semiconductor 
optical amplifier (SOA) gates on its two arms form the basic cell of the SOA gate 
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switch. Monolithic 4x4 InGaAsPAnP SOA gate switch arrays (shown in Fig. 1.5) 
have been reported [Gust92,Berl95] The largest observed fiber to fiber gain for any 
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Fig. 1.5 4X4 switch matrix architecture based on SOA gates (after ref. [Berl95]) 
signal transmission path is 6 dB by biasing the booster amplifiers at a constant 
current of 50 mA. The extinction ratio is typically 40-50 dB, and typical crosstalk 
levels around -40 dB. This switch array show 6-12 dB difference between TE and 
TM input signal [Gust92]. Polarization dependence less than 1 dB and switching 
extinction ratio larger than 40 dB are also reported at fiber to fiber loss lower than 2 
dB for most of the transmission paths of a 4x4 switch [Berl95]. Jn the later case, the 
bulk active and passive waveguide section are designed with approximately square 
shaped cross sections, thus exhibit comparatively large optical mode confinement 
factors and low polarization sensitivity [Berl95]. However, thick active layer results 
in lower saturation output power and less efficient current injection. This is probably 


























































































































































































































































































































































































































































































































































































































































































































































































































































































































1.2 Existing Problems 
Summary on above five kinds of optical space-division switches, which have been under 
investigation most intensively is given in Table 1.1. One main disadvantage of DOS, 
TGA and direction coupler with amplifier switches, is the high crosstalk or low contrast 
of the output ports in the order of about -20 dB. For example if a signal has to transmit 
100 stages, a crosstalk of about -40 dB is necessary [Ehrh93]. The cause is most 
probably the imperfect adiabatic propagation arise from waveguide disturbances due to 
electrodes, refractive index change, bends and fabrication errors [Nolt95]. Although 
some crosstalk compensation architecture can probably enhance their crosstalk 
performance, it make the structure more complicated [Nolt95]. Large dimension size is 
another disadvantage for the above three kind of switches. This is not benefit to cascade 
a large switch matrix in a monolithic integration. At present, it seem that the total 
internal type switch with amplifier has achieved the best performance: -54 dB crosstalk, 
3-5 dB fiber to fiber gain, 4x4 matrix and 2 dB polarization dependent. However, its 
structure and fabrication process are very complicated which is not benefit to cascade a 
large switch matrix with a high fabrication yield. Large operation current is its another 
disadvantages. 
Semiconductor optical amplifier gate switches have several attractive features 
which make it a hopeful alternative as a building block for a large practical switching 
matrix in future. These attractive features include 
• There are many losses in a switch matrix, such as coupling loss between fiber and chip, 
passive waveguide scattering loss, coupling loss between passive and active sections 
of the structure, splitting loss of the Y junction, and excess losses at bend of the Y 
junction. All of them can be compensated by optical gain provided by the optical 
amplifier; 
• Imperfections of the structure and fabrication process may result in variation of gain 
and extinction ratio (or crosstalk) among output channels in a matrix. This variation 
can be decreased by adjusting the optical gain of the individual amplifier; 
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• Contributions to crosstalk include crosstalk in waveguide crossings and scattered light 
in the chip can be absorbed by the “off’ gates, thus very low crosstalk can be 
achieved. 
• Its operation principle is straight forward. Its simple structure make its fabrication 
more easier with higher yield; 
• Amplifier gates when operated at “off，state have detection capability. 
The optical switch has to be polarization independent to the input light signal, 
although polarization insensitive operation has already been reported in laser amplifier 
gate switches [Berl95], however, it sacrifices the chip gain performance and increase 
operation current. To date, as a mater of fact, polarization independent operation for 
optical switches have not been well resolved yet. Because of the advantages and there 
are still much to be improved, space-division optical switch based on semiconductor 
optical amplifier gates is the subject of this thesis. 
1.3 New Proposals 
The most important component in laser amplifier gate switch is the optical amplifier, it 
either provides gain for signal when operates at “on，，state or absorbs undesired signal 
when it operates at “off’ state. It determines the polarization characteristics and the 
crosstalk of the switch in large extent [Kirh94,Gust92]. Its gain saturation and noise 
properties determines the line capability [Kalm92,Fuji90]. Semiconductor optical 
amplifiers (SOA) amplify incident light through stimulated emission, the same 
mechanism used for lasers. Indeed, an optical amplifier is nothing but a laser without 
feedback [Agra93]. Many results and conclusions valid for semiconductor lasers should 
be also valid for optical amplifiers. For example, use of strained quantum well structure 
as active region can dramatically improve the performance of semiconductor lasers, this 
is also true for SOA [Thij94]. 
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1.3.1 New features 
Lossless Y-junction optical switch proposed in this thesis is based on semiconductor 
optical amplifier gate witch can provide optical gain through stimulated emission to the 
entering signa when forward biased or act as an absorber to the incoming lightwave if 
the bias is removed or reverse biased. Its schematic structure is shown in Fig. 1.6. Those 
on/off gates can be connected monolithically by passive waveguide to create a switching 
fabric. So far there have been just few reports on semiconductor optical amplifier (SOA) 
gate switch using multiquantum well structure [Cavan91,Yao92], and strained quantum 
well can dramatically improve the performance of SOA which are the key components 
of the laser amplifier gate switches. What is the difference between Gustavsson et al's 
laser amplifier gate switches [Gust92,Berl95] and our proposal is 
• Multiquantum well (MQW) structure is used as the active region instead of the bulk 
active layer; 
• Tailored compressively and tensile strained MQW structure are proposed to be 
combined at the single active region of the optical switches, the polarization 
independence can be achieved without degradation of the other performances; 
• High energy ion implantation enhanced intermixing (HE-HEI) technology for QWs is 
proposed to fabricate the passive waveguide which is in conjunction with optical 
amplifiers; 
• The “off，gate is slightly reverse biased and may operate as a waveguide detector, in 
contrast to Gustavsson et al's laser amplifier gate switches in which the “off’ gate has 
no bias. 
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Fig. 1.6 Schematic structure of the Y-junction optical switch, (a) cross-section view; 
(b) Top view. 
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1.3.2 New technology for OEIC 
Li a space-division optical switch based on SOA, the passive waveguides which is 
monolithically integrated with SOA's should be transparent for transmitted light, or the 
absorption losses shoud be as small as possible. Furthermore, for the fabrication and 
integration of optoelectronic devices such as QW lasers, modulators, and passive 
waveguides [Pool96,Rand95,Hofs95], it requires a planar technology which can be used 
to laterally integrate regions of different band gap, refractive index, and optical 
absorption within the same epitaxial layers, this can be realized by selective etching and 
selective regrowth technology [Kirh94,Gust92,Berl95]. It is not only complicated in 
fabrication process but also may cause misalignment (along the growth direction) 
between active and regrown passive waveguide sections due to the process tolerance, 
which cause excess losses at the interfaces between the active and passive waveguides. 
Li present study, we propose to use strained MQW as the active region for the lossless Y 
junction optical switch, high energy ion implantation enhanced intermixing (HE-HEI) of 
QW technology is proposed to blue shift the absorption edge of the passive waveguide. 
Ion implantation technique due to its flexibility and easy processing control ability, is 
widely used in VLSI (vast large scale integrated circuits) and MMIC (monolithic 
microwave integrated circuits). Compared to selective etching and regrowth technology 
for the fabrication of optoelectronic integrated circuits (OEIC), HE-HEI technology has 
advantages such as: 
• Much simpler, more flexible and easy process control; 
• No mismatching between active and passive waveguide; 
• Compatible with VLSI and MMIC technology. 
The spatial selectivity inherent in this technique makes it useful in the monolithic 
integration of optoelectronic devices having different functionality. We believe that this 
process offers a simple and potential low-cost route for fabricating OEIC and large scale 
optical switching fabries matrix in future. 
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1.3.3 Expected Improvement in Performance 
A. Polarization characteristics 
The use in a fiber optical communication systems requires the optical switch to have 
transmission properties which are insensitive to the polarization of the input signal 
[Newk93]. Bulk material with thin active layer or lattice-matched QW structures always 
exhibit a larger optical gain (or absorption) coefficient and a larger confinement factor 
for TE mode than that for a TM mode, leads to the optical switch fabricated with such 
material will be highly polarization dependent [Kirh94,Gust92,Berl95],[Agra93]. This is 
an obstacle for practical use. If strain is introduced in the QW structure in a control 
manner, polarization insensitive for optical gain can be achieved [Sive94,Math92]. We 
will discuss this in detail in Chapter 2 and Chapter 3. 
B. Gain Saturation 
At high light levels, the rate of carrier injection into the device active region is 
insufficient to replenish the carrier being removed by stimulated emission. The carrier 
concentration in the active region then fall, reducing the optical gain [Davi94]. This is 
what is called gain saturation. Gain saturation of a SOA induce undesirable effects: a 
decrease in gain, cross-gain modulation in multi-channel amplification and single 
waveform distortion [Yosh96]. Considering noise and saturation effects associated with 
amplified spontaneous emission, it is found that the SOA saturation output power limits 
the number of switches which can be cascaded [Kalm92]. 
The saturation output power po can be approximately expressed as p o = p s / T where 
ps is the saturation output power in the gain medium. Due to the smaller F in MQW 
structure, the saturation output power is enhanced. Li fact strain-layer MQW-SOA's 
show dramatically improved amplification linearity compared to the conventional bulk 
SOA's[Thij94]. 
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C. Operation Speed 
The rate of the recovery of the perturbation of the carrier number is limited by the carrier 
life time in the device active region (typically 500 ps to ns), limiting the band width of 
the response to a few GHz. Therefore space division optical switch based on optical 
amplifier can be applicable to multi-giga-bit data speeds. [Yao92] [Kiri94]. The relaxation 
oscillation frequency is given by [Thij94] 
/ > ^ (1.1) 
dN 
Therefore, the operating speed of the opened amplifier gate using MQW material can be 
enhanced due to the increase of differential gain (refer to Appendix A). When the SOA 
operates at “off，state, the reverse bias voltage can increase its speed due to an decrease 
in the photogenerated electron escape time from the QW while it has only slight effect 
on internal quantum efficiency [Moss92]. Extremely efficient ( � 1 0 0 % internal quantum 
efficiency) and high speed (-25 ps FWHM) photodetection in a ridge waveguide SQW 
GRE^SCH laser structure has been reported. This high efficiency implies that the escape 
time of either photogenerated electrons or hole (or both ) from the QW is much faster 
than the recombination time [Moss92]. MQW laser amplifier switch which demonstrated 
three times faster, with 20 dB less contrast and 12.5 dB less loss at optimum wavelength 
than a bulk amplifier was reported, therefore MQW devices are more suitable for use as 
fast switch [Cavan91]. 
D. Noise Performance [Satt87] 
Noise figure of a SOA，s is given by 
F=2TispK (1.2) 
where r|sp is the spontaneous emission factor and K is the excess noise factor. The 
spontaneous emission factor is equal to 
n . , = ^ ~ ~ ^ (1.3) 
" ' K - N , F g - a ^ 
The excess noise factor results from the finite input facet reflectivity Ri and is given by 
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K = l + /?iG, G . - 1 (i.4) 
1-及1 G, 
where Ne is the injected carrier density, Ntr is the transparency carrier density, Fg is the 
modal gain, Gg is the single pass gain, a smaller noise figure can be obtained for MQW-
SOA's because N^ and 04 are small while the differential gain is large (refer to Appendix 
A). By using strained-layer MQW active regions, the above parameters are expected to 
be enhanced even further because the transparency carrier density and the internal loss 
are reduced while the gain is enhanced. 
E. Operation current 
Kalman et al.[Kalm92] show that the Benes switch may be more suitable for large 
switch size (N>16) because it requires fewer SOA's. For NxN Benes switches, the 
number of stages is 2iog2N-l, system loss per stage is 3 dB, total number of SOA is 
2N(log2N-l). There are 2iog2N-l SOA's operate at the same time. The decrease in 
operation current for each SOA is benefit to decrease the total power consumption and 
benefit to simplify the high speed electronic circuits and enhance the reliability of the 
switch. As discussed in Appendix A, both quantum well and strain effects can 
dramatically decrease the transparency levels, decrease non-irradiation recombination 
current and losses, increase the differential gain, considerable reduction of threshold 
current density has been achieved for QW, especially strained QW semiconductor lasers 
[Agra93,Zory93,Thij94]. We believe that switches adopted strained MQW SOA's will 
dramatically decrease the operation current of the switch. 
The effects on performance for the lossless Y-junction optical switch by the 
introduction of strain, QW structure and QW intermixing technology are shown in Table 
1.2. The application of strain layer of quantum wells offer a large degree of freedom in 
designing and fabricating polarization-independent optical switch based on 
semiconductor optical amplifier with a simultaneous high gain and high saturation 
output power. 
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TABLE 1.2 SUMMARY OF THE EFFECTS OF QW, STRAES[ EFFECTS AND QW 
D^TERMKES[G TECHNOLOGY ON THE PERFORMANCE OF THE PROPOSED OPTICAL 
swrrcH 
New features Effects on device performance 
MQWeffect 
Modification of density of states Ntr i , dG/dN t , F i , Iop i , fr T, bandwidth t , 0¾�‘ 
Decrease in confinement factor P^ at t , cascade stages T, crosstalk'' 
Strain effect 
Reduction hole effective mass Ntr i , dG/dN T, F 丄，Iop i , fr T, bandwidth T, 0¾�‘ 
Reduction Auger recombination ^^ p 丄，To 卞，0¾ i 
Reduction intervalence band absorption j^ 丄，Q^、， 
Valence band maximum (HH or LH) TE or TM polarization dominant or equality 
HE-IIEI technology simple, No mismatching between active and 
for passive QW waveguide passive waveguide, compatible to VLSI or MMIC 
where Ntr is the transparency carrier density, dG/dN is the differential gain, F is noise figure, fcp is 
the operation current, fr is the relaxation oscillation frequency, 0¾ is the internal loss, Psat is saturation 
optical power, T � i s the characteristic temperature 
1.4 Organization of thesis 
The thesis is divided into four major parts. The first describes of current situation for 
space-division optical switches, include their problems encounted and the solution we 
proposed. The second is on the theoretical calculation of band lineup and gain for 
strained InGaAs(P)AnP heterostructure in polarization insensitive optical gain point of 
view, include the design of the proposed lossless Y-junction optical switches; The third 
investigates on the fabrication technology, especially high energy ion implantation 
enhanced intermixing (HE-EEI) of QWs and self-aligned ridged waveguide technology. 
1-17 
The fourth is on the experimental results, particularly on the HE-DEI technology and 
switch characteristics of the fabricated optical switches. 
Chapter 1 provide the background information on optical switches, especially, space-
division optical switches, include their current situation, existing problems and our new 
proposals. It also include the introduction of this thesis. 
Li Chapter 2, both Ishikawa et al's and Krijn's sheme to calculate band line-up of 
InGaAs(P)/InP heterostructure have been reviewed, and an improved scheme is 
proposed. A gain calculation model for MQW structure which consists of different 
individual quantum wells is set up, electroabsorption for MQW structure is also 
discussed in detail. 
Chapter 3 is about the design of the proposed optical switches with the polarization 
insensitive operation concerned. As an example, optical mode gain for a polarization 
insensitive gain medium is calculated using the theory presented in Chapter 2，the results 
is consistent with the published experimental data in reference. Other design aspects, 
such as decrease the losses and operation current are also discussed. 
Comparison have been made between impurity-free vacancies diffusion (ffVD) and HE-
HEI technology for fabrication of low loss passive MQW waveguide in Chapter 4， 
particularly, the principle and methodology of the HE-EEI is focused to discussed. A 
self-aligned ridged waveguide technology with its process flow is presented. Other 
fabrication technology relevant to the fabrication of the Y-junction optical switches, such 
as Oxygen implant isolation, reduction of effective facet reflectivity are discussed. 
Fabrication process flow for both broad area lasers and the Y-junction optical switches 
are presented. The schematic and ridged waveguide structures of the fabricated Y-JOS 
are examined by scan electron microscope are given in the final part of this paper. 
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Chapter 5 contains all the experimental aspects. They include preparation for the 
experimental samples, experimental method, setup, condition and apparatuses. Both 
photoluminescence and Electroluminescence are employed to monitor the gain peak of 
the QW laser structure and its optical quality; I-V characteristics is used to monitor both 
electrical quality of the p-n junction before and after HE-HEI process and the oxygen 
implant isolation. Reduction in bandgap absorption and optical losses for the HE-EEI 
intermixed MQW are measured as a slab waveguide. Electro-absorption peak shift has 
been demonstrated in the HE-IffiI wafer. 
Y-junction optical switches are in the first time successfully fabricated using 
MQW laser structure, HE-EEI and a simple self-aligned ridged waveguide technology. 
The results are presented. Its electrical properties are measured by I-V characteristics; Its 
optical mode characteristics are monitored by its far field patterns and corresponding 3-
D relative intensity profiles. The optical switch characteristics are successfully 
demonstrated, the results for extinction ratio and crosstalk are measured. 
Chapter 6 gives a recapitulation of the results and conclusion for this thesis, along with a 
list of topic for future studies. 
This chapter is followed by a list of Reference, then the Appendices. There are four 
appendices. Appendix A is about characteristics of strained quantum wells, Appendix B 
is related to the calculation of index change induced by QW intermixing, Appendix C 
and D are lisst of abbreviation and publications by the author respectively. 
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Chapter 2 
BAND LINEUP AND OPTICAL GAIN 
CALCULATION 
• Introduction 
• Band Lineup for InGaAsP MQW Structures 
• Gain and Spontaneous Emission Rate Expressions 
• Optical Absorption and its Polarization Sensitivity 
2.1 Introduction 
The Y-junction optical switch consists of three parts, a low loss passive optical 
waveguide, an optical amplifier and an absorber (refer Fig. 1.6). They are 
monolithically integrated on a single multiple quantum well (MQW) material chip. 
The calculation of polarization and wavelength dependent optical gain and 
absorption is important for the optimizing the design of the Y-JOS because they 
directly determine its chip gain, croosstalk, and polarization properties. On the other 
hand, the optical switches are important elements in future fiber optical 
communication system, in which 1.55-^m-wavelength light is of great interest due to 
its minimum loss in silica based fiber. The design and optimizing of the optical 
switch and other advanced optoelectronic devices requires a knowledge of various 
parameters of LiP based material. What is the essential is a knowledge of the band 
line-up, i.e. the relative position of the band edges of the semiconductors constituting 
the heterostructure. This relative position determines the confinement and 
distribution of electrons and holes, and depends on the composition of the 
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constituents and amount of strain due to the lattice mismatch. Equally important are 
the bandgap energy and the conduction-band and valence-band effective masses. The 
bandgap energy determines the operating wavelength whereas the effective masses 
determine the density of states. A detail study on the dependence of the various 
material parameters on alloy composition is very important for a systematic approach 
to the design of tailor-made optoelectronic devices. However, it has been hampered 
by a lack of definite knowledge of various material parameters such as bandgap 
energy, effective mass, dielectric constant, and electronic deformation potentials for 
quaternary material. Consequently, there is still no reliable method for the calculation 
of the dependence of the various material parameters on alloy composition. The best 
one that can do is to combine the available theoretical and experimental data on the 
binary or ternary constitutions of the quaternary alloys and employ an interpolation 
scheme to obtain an estimate for the various material parameters. Although such 
interpolation scheme may provide more useful and reliable material parameters over 
the entire range of alloy composition, it is still open to experiment verification. 
However, as far as we know, there has been not report that calculation for band 
lineup of quaternary InGaAsP based on interpolation scheme are compared with 
experimental results directly or indirectly, it may be due to the fact that there is not 
systematic experimental data available in one hand and the error between calculation 
and experimental results is large on the other hand. 
Jn this chapter, both Ishikawa et al.'s [Ishi94] and Krijn,s [Krij91] schemes to 
calculate band lineup of quaternary InGaAsP alloys have been brief reviewed. A 
theoretical model to calculate optical model gain of strained multiple quantum well 
structure with different individual composed QWs has been presented. We show that 
both Ishikawa et al.，s and Krijn's schemes agree poor with the experiment results. In 
contrast to common approaches for calculation of band lineup, effective electron and 
hole masses, in which all the parameters of the quaternary material are derived by 
interpolation from binary or temary compound that consists the quaternary alloys, 
we use empirical equations which are verified indirectly by experimental results in 
first priority, only those parameters of the quaternary compound which have not such 
known empirical equations are calculated by interpolation scheme. A revision to 
Krijn's scheme for quaternary InGaAsP is presented. With the revised scheme for the 
2-2 
calculation of band lineup, our gain model give results which is consistent with the 
experimental data. The optical absorption due to both band-to-band transition and 
exciton transition are also discussed. 
2.2 Band Lineup for InGaAsP MQW Structures 
InGaAs(P)AnGaAsP quantum well structures on LiP are of great interest for 
optoelectronic devices as they allow the fabrication of optical emitter, modulator and 
detector operated at both 1.3 ^im and 1.55 \im, which are the wavelength of interest 
for silica based optical fiber communications. The band lineup of InGaAsP on M^ 
system with strain effects are not well established and is still the subject of recent 
research [Ishi94, Krij91]. 
2.2.1 Derivation According to Ishikawa et al.'s Scheme [Ishi94] 
Ishikawa et.al. started with the band lineups of the binary materials, which compose 
LiGaAsP. They use the Harison model [Hari89] for describing the band lineups of 
InP, InAs, GaP, and GaAs and obtain band lineup of InGaAsP with no strain by using 
a interpolation scheme. Then effect of strain on energy level is introduced based on 
Nagai et.aL,s model [Naga88]. The bandgap energy of bulk Lii_xGaxAsi_yPy alloys is 
suggested as 
Eg(x,y)=x( 1 -y)Eg(GaAs)+( 1 -x)( 1 -y)Eg (InAs)+xyEg (GaP)+(l-x)yEg (InP) 
+ x(x-l)[(l-y)Cto_Ga(InGaAs)+yCto.Ga(InGaP)] 
-(l-y)y[xCAs-p(GaAsP)+(l-x)CAs-p(InAsP)] 
=1.42 X (l-y)+0.36 (l-x) (l-y)+2.74 x y+1.35 (l-x) y 
+x (x-l) [0.51 (l-y)+0.7 y]-(l-y) y [0.3x+0.23 (l-x)] (2.1) 
where constant C is known as bandgap nonlinearity. Suppose that the lattice constant 
of a substrate is do, and the lattice constant of an epitaxial layer with no strain is 
d(x,y), a strain 8 is defined as 
d{x,y)-d^ 
£ = , ~ ~ ^ (2.2) 
do 
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the lattice constant is given by well known Vegard's law: 
d(x,y)=x( 1 -y)d(GaAs)+xyd(GaP)+( 1 -x)( 1 -y)d(InAs)+( 1 -x)yd(InP) 
=5.6533x(l-y)+5.4512xy+6.0584(l-x)(l-y)+5.8688(l-x)y (2.3) 
The energy correction in the conduction band induced by strain can be described as 
A E , w = 2 a ^ ^ ^ e (2.4) 
i i i 
where a，is hydrostatic deformation potential for conduction band, Cn and C u are 
elastic stiffness constants. The energy corrections in the heavy and light hole valence 
band are 
組 峰 = ( l a ^ ^ ^ ^ b ^ ^ ^ ^ X (2.5a) 
V Cii ^11 y 
� , = [ 2 “ ^ ^ 1 0 ^ - 办 〔 1 1 广 1 2 ] 8 (2 .5b) 
V l i i ^11 y 
where a and b are the hydrostatic deformation potential and shear deformation 
potential for valence band, respectively. Those parameters used in the calculation for 
quaternary materials are obtained by simple linear interpolation from correspond 
parameters of InP, InAs, GaP, and GaAs, which are listed in Table 2.1a [Ishi94]. 
The bandgap for strained Ini.xGaxAsi.yPy is obtained by 
'AE^,,. e > 0 
Eg,,, = Eg + AE^ c 一 . : ^ ( 2 . 6 ) 
g, g ’ [A^. . , . e < 0 
The conduction band position Ec，heavy and light hole valence band positions Ey,HH 
and Ev,LH for InGaAsP is given in [Ishi94] as 
For tensile strain (e<0) 
Ec=(0.6958+0.4836Eg,str)-0 .0303 le (2.7a) 
Ev,LH=(0.6958-0.5164 Eg,str)- 0.03031e (2.7b) 
For compressive strain (e>0) 
Ec=(0.6958+0.4836Eg,str)+0.003382e (2.8a) 
Ev,HH=(0.6958-0.5164 Eg,str)+0.003382e (2 .8b) 
It should be noted that the valence band energy for LiP is set as origin of the energy., 
and the strain e is expressed in % in Ishikawa et al.'s scheme. 
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TABLE 2.1a PARAMETERS USED JN THE CALCULATIONS OF ISHIKAWA'S 
SCHEME [ISHI94] 
Symbol unit InP t iAs GaP GaAs 
~d A 5.8688 6.0584 5.4512 5 . 6 5 3 3 ~ 
~Eg eV L35 0 ^ 五〜 L42 “ 
“ ^ lOii dyn/cm^~~10.220 8.329 14.120 11.880 
~ ^ 2 10)1 d y n W “ “ 5 . 7 6 0 4.526 6.253 5.380 
“ ^ eV 4 5 4 l T 9 ^ 
^ eV ^ ^ 5 3^ 2J 
"b eV ^ T s T s T ? 
2.2.2 Derivation According to Krijn's scheme [Krij91] 
Krijn's scheme is closely follow Van de Walle[Wall89] in describing the 
dependence on strain of the valence- and conduction- band edges in HI-V 
semiconductors. The effect of strain on energy levels can be decomposed into 
hydrostatic and shear contributions. The hydrostatic strain component leads to a shift 
of the average valence-band energy A E ^ ’ and conduction band energy shift AE"，， 
The sheer contribution couples to the spin-orbit interaction and leads an additional 
splitting of the valence-band energies, 
AElt = - h E ' ' (2.9a) 
� 1/K 
A £ ^ = - ^ A o + j 6 E ' ' + 1 Al + Ao6 E ' ' + j ( 6 E ' ' f ‘ (2.9b) 
^ ^ ^ 畔 
• “ • 
where 6 E * is the strain-dependent energy shift, Ao is the spin-orbit splitting. The 
valence-band and conduction-band edge energy Ey and Ec respectively are obtained 
on an absolute scale from 
Ev = E,,av + y + A E t v + max(A Etn，A E f j (2. lOa) 
Ec = E.,a. + y + Eg + A E， (2. lOb) 
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where Ev,av =(Ehh+Eih+Eso)/3, i.e. the average of the energies of the heavy-hole Ehh, 
light-hole Eih, and spin-orbit split-off Es�，and Eg is bandgap energy, all of them 
refer to unstained bulk properties. The strain contribution is incorporated in A E%v» 
ds^Ehh，^Eih and A E ? . Material parameters of the quaternary (Q) alloys can be 
estimated by interpolating the parameters of the binary (B) or temary (T) alloys, 
dependent on which information is available. Estimates of Q are readily obtained 
from a linear interpolation of the B，s. This is known to be a valid procedure for the 
variation of the lattice constant with alloy composition (Eq. 2.3, Vegard's law). 
Parameters such as Eg and Ao in temary alloys of the form ABxCi_x can be 
approximated well by the quadratic expression 
T A B c ( x ) = x B A B + ( 1 - X ) B A C + X ( X - 1 ) C A B C ( 2 . 1 1 ) 
where the constant C is known as the bowing parameter which can be obtained by 
experiment. Equally, in the case of AxBi_xCyDi_y [Sada92], 
八 ( � x ( l - x)[yT^^ (x) + (1 - y)T^^ (x)] . >；(! - y)[xT^cp (y) + (^" ^)T,^p (y) 
Q(Xyy) = -+ 
x(l-x) + y(l-y) x(l-x)^y(l-y) 
(2.12) 
For convenience, results for Ey,av, Ao and Eg will be presented in the form of tables of 
coefficients of an expansion of Q in a product polynomial in x and y 
2 ( j , > o = i i x x ? (2.13) 
i=0 j=0 
Similarly, results for A Ev^ ,av ，A Ec^ ,and 5 E'^ are written as an expansion that is 
linear in the lattice mismatch 
Q^^^y^=^tlc^j^^y' (2.14) 
"v^»// 1=0 j=0 
where Aa(x,y)= ao-a(x,y) is the lattice mismatch. The coefficient Cij for 
Lii-xGaxAsi.yPy are listed in Table 2. lb. 
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Table 2.1b Coefficients of an expansion of the valence-band average Ey,av, spin-orbit 
splitting Ao，bandgap Eg(r) according to equation (2.13)，the strain-induced shift of 
the valence-band average A E%v，conduction-band A^ *^  (F)^^ and valence-band 
8 严"(defined in equation (2.9)) according to equation (2.14) [Krij91] 
Cpo Cpi Cp2 Cio Cii Ci2 C20 C21 C22 
Ev,av ^ ^ " " " - 0 . 3 4 1 -0.029 -0.201 -0.006 -0.033 -0.049 -0.069 -0.002 
Ao 0.381 -0.357 0.087 -0.178 0.480 -0.343 0.138 -0.389 0.261 
Eg(r) 0.361 0.751 0.242 0.676 1.658 -1.667 0.384 -1.271 1.610 
A E t v 0.91 0.18 0.35 0.40 
AE^(rr^ -4 .61 0 .29 -3 .17 -0 .27 
5 E ^ ' h 7 52 -0.72 -1.05 -0.04 
2.2.3 Improved band lineup calculation scheme 
A. Bandgap energy of bulk Ini.xGaxAsi.yPy 
The validity of Ishikawa et al.'s and Krijn's scheme should be verified by comparing 
its calculation with experimental result. For mismatched InGaAsP on InP, there is not 
systematic experimental data, such as bandgap energy, energy shift of conduction and 
valence band induced by strain etc. available. Data for bandgap energy of bulk 
iii-xGaxAsi-yPy can be found in Ref.[Kuph84], [Made91] 
Eg(x,y)=1.35+0.668 x-1.068 (l-y)+0.758 xV0.078 (l-y)2 
-0.069 X (l-y)-0.322 x^ (l-y)+0.03 x (l-y)2 (2.15) 
Nahori [Naho78] suggested an empirical equation obtained by fitting experimental 
data for lattice-matched Ini_xGaxAsi.yPy on InP as follow 
Eg(y)=1.35-0.72(l-y)+0.12(l-y)^ eV (2.16) 
using d(x,y)=d(InP), Eq(2.3) yield 
0 .4526( l -v) A , � i � 
" 1 - 0 . 0 3 1 ( 1 - : , 0 . 4 7 ( " ) (2.17) 
where 1-y is the Arsenic fraction. Expression for bandgap energy of bulk InGaAsP in 
Ishikawa et al.'s Eq(2.1), Krijin's (Eq(2.13) and Table 2.1) scheme and Kuphal's 
data are compared with that of Nahory's by using Eq(2.17) which is corresponding to 
Lii_xGaxAsi_yPy lattice matched to LiP substrate . The result is shown in Fig. 2.1. It is 
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obviously that both Isjikawa et al.'s and Krijin's expression for bandgap energy have 
a large error compared with Nahory's experiment result, however, Kuphal's 
expression agree well with Nahory's data. 
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Fig. 2.1 Bandgap energy of Ini_xGaxAsyPi_y lattice matched to InP 
B. An Interpolation Scheme 
Using Eq2.2-2.3 and Eq2.15, it can be easily verified by a simple computer code that 
for Lii_xGaxAsi.yPy on InP, if strain is between -2% and 2% and bulk bandgap energy 
corresponding to a wavelength greater than 0.961 ^im, x<l-y is always valid (the 
quaternary InGaAsP material satisfying those condition is most useful in optical fiber 
communication). Li this case, it is found that Lii_xGaxAsi_yPy can always decomposed 
into Ini-x'Gax'As and InP 
/ \ 
In,_^Ga^As,_yPy = y(InP) +(!->；) In ^Ga^As (2.18) 
\ 1” 1-3' y 
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Now we asset that any relevant bulk material parameter of InP and Ini_x'Gax'As, 
represented by p(InP) and p(Ini_x'Gax'As) respectively can be used to predict the same 
material parameter of the quaternary Ini_xGaxAsi_yPy by: 
/ \ 
p(Ini.xGaxAsi.yPy)=y p(InP)+(l-y) p In , Ga , A5 (2.19) 
V i-y i-y / 
C. Transition Matrix Element 
2 
The most accurate estimation of transition matrix parameter M have accurately 
been obtained using electron spin resonance technique. In Table 2.2, we have 
tabulated the most accurately reported values of M ^ in several LiP and GaAs based 
material system commonly used in laser applications 
2 
Table 2.2 Magnitude of M For Various Material System [Zory93] 
Material System GaAs Lii_xGaxAs LiP Lii.xGaxAsi_yPy (x=0.47(l-y)) 
2 M 2/mo (eV)~~28.8tO.15~~~22.2+6.6x~~19.7±0.6 19.7+5.6(l-y) 
There is not available data for lattice mismatched Lii.xGaxAsi_yPy on InP. Using 
Eq(2.19) and Table 2.2, the transition matrix element for lattice mismatched material 
can be given by 
2M' ( X � 
= i9.73; + ( l - y ) 22.2 + 6 . 6 — — = 2 2 . 2 + 6.6jc-2.5:v (2.20) 
mo 1 1-力 
It is evident that this formula is more general and all the transition matrix element of 
the InP and GaAs based material listed in Table 2.2 can be derived from it. 
D. Effective Mass of Electrons and Holes 
The effective mass of electrons and holes are important to determine energy levels of 
confined states and the state filling effects in quantum well. For InGaAsP lattice 
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matched on InP, a simple linear interpolation between the values of InP (0.079) and 
Ino.53Gao.47As (0.041) agrees well with the experimentally determined m^ [Sada92] 
^ 二 0.079 - 0.038(1 - y) (2.21) 
m� 
The effects of strain on the conduction band is slight due to its relative isolation from 
other bands, we can assume that strain has no effect on the conduction band effective 
mass [Zory93]. There was report that effective mass of electrons for Lii_xGaxAsi_yPy 
quaternary alloys can be directly obtained using interpolation from binary InP, LiAs, 
GaP, and GaAs compound [Rest78]. 
肌“太，力=0.08 - 0 .116y + 0.026;c - 0.059;c>^ 
mo 
+ (0.064 - 0.02y)x^ + (0.06 + 0.032x)y^ (2.22) 
However, if we apply it to lattice-matched to InP case, we will show later that 
discrepancy between Eq. (2.22) and Eq. (2.21) is rather large. Silver et al. [Sive94] 
suggested the following equations to calculate effective mass of electrons and holes 
for Irii.xGaxAs 
^ = 0.0185(1 - x) + 0.0665jc (2.23) 
m� 
^ ^ h i ^ = 0.41(1 - jc) + 0,47x (2.24a) 
m� 
^ ^ ^ ^ = 0.0255(1 一 jc) + 0,08jc (2.24b) 
mo 
By using our interpolation scheme Eq. (2.19) and effective electron and hole mass of 
LiP [Sada92] along with Eq. (2.23-2.24), effective mass of electrons for bulk 
Lii-xGaxAsi-yPy quaternary alloys can be expressed as 
- / \ -
1 = 0.079;V + (1-30 0.0185 1一一— +0.0665—^~ 
mo L V ^-y) ^-y_ 
=0.0185 + 0.048JC + 0.0605j (2.25a) 
For tii-xGaxAsi-yPy lattice matched to InP, by using Eq(2.17), the above effective 
mass of electrons is given by 
^ = 0.079 — 0.038(1 — y) (2.25b) 
^0 
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it is the same as Eq.(2.21)! Similarly, the effective mass of holes for bulk 
Lii_xGaxAsi_yPy quaternary alloys can be expressed as 
饥““义，力=0A6y + (1 - >0[O.4lfl - ~ — 1 + 0.47 — m� [ � l-y) l-y 
=0.41 + 0.06x + 0.05>; (2.26a) 
饥“1，力=0.12>; + (1 - y) 0.025sfl 一 "— 1 + 0 . 0 8 — 
mo 1 { 1-yJ l-y_ 
=0.0255 + 0.0545;c + 0.0945j (2.26b) 
We apply Eq(2.22) to Lii_xGaxAsi_yPy lattice matched to InP by using Eq(2.17), the 
result is shown in Fig. 2.2 along with expressions given by Adachi (Eq. (2.21)) and 
this work (Eq (2.25b))，we can recognize that calculation for effective electron mass 
obtained in this work is completely agree with the empirical expression based on 
experimental data obtained by Adachi, however, a large error is observed for 
Restorffs expression. 
0.08 1 ^ 
专 ^^ [^ ^^ N^w 一Adachi 
^ 0.07 - • • ^ N s ^ o This work 
58 • • ^ N > w • Restorff 
I 0.06 - • • • • • • \ ^ 
i 0.05 — • • • • • ^ - - ^ 
I •••• ^ X ^ 
o 0.04 - • • • • � 
® • • • 
山 ••••、• … 
0.03 ‘ ‘ ‘ 1 1 1 1 1 1 
0 0.2 0.4 0.6 0.8 1 
1-y, Arsenic Alloy Fraction 
Fig. 2.2 Conduction-band-edge effective mass as a function of As fraction 1-y for 
Ini-xGaxAsyPi-y lattice-matched to InP 
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The valence band energy dispersion for strained QW structure is an essential 
parameter in the calculation of optical gain, hi contrast to conduction band, both 
quantum well and strain effects change the curvature of valence bands [Zory93]. For 
bulk hiGaAsP material, effective heavy and light hole bands can be calculated using 
Eq(2.26), however, for strained QW structure, it should be obtained by two different 
approaches [Li94]. Li the first, one assume a single-band mixing effective mass 
model and ignores the valence-band mixing effects between the valence subbands. 
This approach assume the quantum wells are unstained and the valence subbamd 
parabolic and isotropic. The another approach involves a 4x4 or 8x8 Hamiltonian of 
the Luttinger-Kohn type, and impose an envelope function approximately solving the 
quantum well subband structures. Additionally, under parabolic approximation, the 
reduced density of states, is mainly determined by effective mass around the states 
where the optical transition occurs. However, such calculation is complicated and 
tedious [Zory93]. Li this study, we just used existed data of hole effective masses in 
the publications [Tiem93] which also contain experimental results that can be 
employed to compare with our calculations. 
Li contrast to Ishikawa et al's and Krijn's calculation of band lineup, effective 
electron and hole masses, in which all the parameters of the quaternary compound are 
derived by interpolation from binary or ternary compound that consists the 
quaternary aUoys, we use empirical equations which are verified indirectly by 
experimental results in first priority, only those parameters of the quaternary 
compound which have not such known empirical equations are calculated by 
interpolation based on Krijn's scheme. Therefore, in present study, we revised 
Krijn's scheme by replacing its bandgap Eg for bulk InGaAsP with Kuphal's 
expression Eq(2.15), the transition matrix element and effective electron mass is 
calculated based on this section. It is found in Section 3.3 that the revised scheme 
agree much better with experiment results than Ishikawa et al's and Krijn's scheme. 
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2.3 Gain and Spontaneous Emission Rate Expressions 
2.3.1 Optical gain expressions 
The calculation of optical gain for strained QW structure is very important for the 
design of advanced optoelectronic devices such as lasers and optical amplifiers. Li 
contrast to conventional MQW structure in which the composed individual QW is 
identical, what we investigate in this Chapter is strained MQW in which the 
composed individual QWs are different. For example, the composed individual QW 
may have different strain, band lineup, well width, and in-plane effective hole mass. 
Li quantum well material, there are many quantized levels from which 
transitions can occur. Under flat-band condition and assumptions that the radiative 
transitions are subject to momentum (k) conservation in the plane of the quantum 
well and conservation of the well quantum number n, the optical gain coefficient g(E) 
produced within each subband transition in the well can be calculated using 
[Zory93], 
g ( E ) = 去 孔 ， - \ i \ M ( P.., ( E - E's ) ( / . - 八 ) (2.27) 
么 EoCmo n 
/ , = (2.28) 
‘’ l + O X p [ ( E e , H - E f c , p ) / k B T ] 
Pre.(E 一 E s ) = : ^ e : v H { E 一 E,) (2.29a) 
27C n Lz rUe + niv 
where fc.v are the Feimi-Dirac distribution for electrons in energy level of Ee,h in 
conduction and valence subbands, pred is the reduced density of states, eo is the 
vacuum dielectric constant, E is the photon energy, mo is a free electronic mass, c is 
the light velocity in the vacuum, n is the effective index, e is the electron charge, h 
and kfi are the Plank and Boltzmann's constant respectively, Lz is the well width, |X is 
prefactor of transition matrix element which depends on transition subbands and 
2 
related to the polarization of lightwave, its value is given in Table 2.3. M is the 
transition strength, Efc,fv are quasi-Fermi-energy levels for conduction and valence 
bands respectively, nie and niy are electron and hole effective mass, E'^  is defined as 
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the bandgap between two given subbands pair in a quantum well, H is the Heaviside 
unit step function. If we index the subbands in the conduction and valence band by 
the quantum numbers n � a n d ny, then the proceeding spectral gain relation 
corresponding to each subband transition pair can be denoted g(E,nc,ny), the total 
gain at a particular photon energy E is found by summing over all subband transition 
pairs. 
TABLE 2.3 VALUES OF THE PREFACTOR OF 
TRANSmON MATRDC ELEMENT ^ i 
C-HH C-LH 
TE i m 
TM 0 4/3 
A quantity that plays an important role for QW gain medium is the transverse 
optical confinement factor F because it represents the fraction of the mode energy 
within the active quantum well that is available for interaction with the carriers 
distributed in the subbands. Usually the transverse optical confinement factor for the 
fundamental TM mode is lower than that of the TE mode, both of them are 
approximately proportional to the width of the active QW in an optical waveguide 
structure [Arga93b]. Li our study, the composed individual QWs may have different 
strain type and well width. It is optical modal gain related to the polarization for the 
whole QW structure that is more informative. It can be obtained by optical gain 
multiple optical confinement factor F. After include the spectral broading of each 
transition by convolving the expression for gain with normalized Lorentzian 
lineshape function over all transition energy Eeh(=Ee-Eh), we obtain the modal gain 
coefficient: 
Egb 
G m ( E ) = r U ]g{E,ric.n.)L{Eeh)dEeh (2.29b) 
nc "^ Ega 
where 
1 y 
L ( E e h ) = — ~ ~ " 7 ^ (2.30) 
^(..-.)%(X; 
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is the normalization Lorentzian function(valid when y «E) ,，Tin is intraband 
/Tm 
relaxation time which is usually set to 0.1 ps [Zory93]. The integration is over the 
transition involving QW states only, with the lower cutoff at the lowest transition 
energy Ega, and the upper cutoff at the bandgap Egb of the barrier. 
Carrier densities for electrons and holes are numerically calculated by taking 
into account the state-filling effect which includes carrier population not only in the 
higher subbands in the well, but also in the separate confinement heterostructure 
(SCH) region. In our analysis, the states in the SCH region are treated as a continuum 
of three-dimensional (3D) states. Under parabolic approximation to the energy 
dispersion, the carrier densities for electron (n) and for hole (p) are given by 
0 0 
n = 2 j p / F ) / ^ ( F ' M F 
Ec\ 
2kTrric ^ [^Ec-Ecn . , l + Q^^[{Ecn-Efc)|kT] = —> < h ln ； > 
2n 方2 L, T kT 1 + exp[(AEc 一 Efc)/kT] 
f \3/2 
me kT 
+ 2 ——-^xviiEfc-^Ec)lkT] (2.31) 
、271方 j 
p = 2 j p v ( ^ ' ) [ l - / , ( F ) ] J F 
J 
EVx 
— k T V l + exp[(-Ev” + £A) /^ ,r ] 
一 ^ ^ 你 " 1 + exp[(- A£v + Eyv) / ks T] (丄'2) 
where pc and pv are electron and hole density of states respectively, Ecn and Evn are 
energy levels of electron and hole in subbands of conduction and valence bands, AEc 
and AEv are conduction and valence band offset respectively, Efc and Efv are the 
quasi-Feimi-level positions measured from the respective band edges (upwards for 
conduction band and downwards for valence band, respectively). The energy levels 
in the conduction band can be calculated easily in the approximation of the envelope 
wave function using a Kane model [Weis91] for describing the electron of a QW 
structure. The effective mass equations for quantized energy level of the HH and LH 
subbands is decoupled at F point, each of them can be independently solved as was 
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where Q index quantum well. Efc is then obtained from the neutrality condition that 
the total sheet concentration of electron ng should be equal to total sheet 
concentration of hole ps, 
rts = P = J,L^z n^ (2.34) 
Q 
2.3.2 Spontaneous Emission Rate Expressions 
As seen from Eq. (2.27) and Eq. (2.31-2.34), the optical gain is dependent on quasi-
Ferm-energy level Efc, Efv which in tum are determined by the total sheet carrier 
density in conduction band and valence band respectively. However, it is current 
density, not the total sheet carrier density that is convenient to measure in 
experiment. The recombination current density is related to the total sheet carrier 
density through spontaneous emission. Therefore, in order to compare calculation 
and experimental results conveniently, the spontaneous emission is calculated 
1 ^ 1 
through the following equation (in units of s' cm" energy" ) [Zory93] 
e^ nE 2 , 
Rsp{E)= 3 ^ M P . . ( ^ - ^ , ) / . ( l - / v ) (2.35) 
TiEormn c 
To obtain the spontaneous emission, we again need to convolve Rsp with the line 
shape function over Eeh as was done for the gain and integrated over all photon 
energy. The total spontaneous emission output is just equal to the radiative 
component of the volume current density required to achieve a given quasi-Fermi-
level separation. The relation for each quantum well can be written as: 
Egb Egb 
7'L = ^ E X J jRsp(E.nc.m)L(EeH)dEeHdE 
nc nv Ega Ega (2.JOj 
Where the definition of Ega, Egb, L and Eeh are same as Eq(2.29b). Finally, the 




2.3.3 Polarization characteristics 
Optical gain for bulk and lattice-matched quantum well semiconductor is usually 
polarization independent, this can be seen clearly from Eq. (2.27) and the prefactor of 
the transition matrix element \i as shown in Table 2.3. It evident that TE mode gain 
is mainly provided by conduction band to heavy hole subband (C-HH) transition, and 
TM mode gain is solely provided by conduction band to light hole subband (C-LH) 
transition. The band structure of bulk DI-V compound semiconductors is 
characterized by a conduction band with light effective mass, a degenerate valence 
band at the zone center with heavy effective mass at bandgap energy Eg, and a spin 
split-off valence band at energy Eg+Ao. Its heavy hole subband has a larger density of 
states than that for light hole subband, TE gain is dominated according to Eq. (2.27). 
However, if lattice mismatch is introduced into quantum well structure, due to the 
splitting of the light hole and heavy hole states at the zone center, the heavy hole 
levels are brought on top of the valence band for compressive strain, and in-plane 
effective mass is reduced. Tensile strain brings up the light hole level on top of the 
valence band, which may also reduce the in-plane effective mass. The quantum size 
effect, introduce to the limited layer thickness enhances the valence subband 
splitting. TM dominated optical gain or polarization insensitive gain medium can be 
achieved by strained QW structures. 
As for modal gain coefficient, optical confinement factor F is another factor 
determine the polarization characteristics of optical gain. For an active waveguide 
structure, optical confinement factor for TE mode is usually greater than that for TM 
mode, and their difference is larger if the thickness of the active layer of the 
waveguide is thinner. 
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2.4 Optical Absorption and Its Polarization Sensitivity 
2.4.1 Absorption in an intermixed QW Structure 
Starting with perfectly abrupt interfaces and assuming isotropic interdifussion of 
group ni or group V atoms independent on their initial concentration, the intermixing 
process in Lii_xGaxAsi_yPy QWs structure can be described by Fick's diffusion law, 
we can obtain the composition C (group III or group V) as a function of the position z 
(refer to Appendix B) 
C(z)=Co{ l+0.5erf[(z-0.5Lz)/2 Ld]- 0.5erf[(z+0.5Lz)/2 Ld]} (2.38) 
where C is the composition x or y, Co is its initial value, Ld = 2y|^ is the diffusion 
length with D the diffusion constant and t the annealing time, Lz is the width of the 
QWs. 
Besides the blue shift of bandgap energy of the intermixed QW structure 
dependent on diffusion length and gradient of composition in QW, it also strongly 
dependent on well width. The intermixing, which is localized in the vicinity of 
interfaces, will be weak if Ld<<Lz, stronger if Ld~Lz and small again if Ld>>Lz 
(because in the last case, the QW itself vanishes) [Seid93]. Ld is also dependent on 
intermixing process, and Ld «Lz can be realized in QW intermixing process. 
Li present study, if we know the composition profile of the intermixed QW structure, 
absorption of the intermixed QW can be calculated following reference [Li91]. For 
GaAs/AlGaAs or InGaAs/GaAs QW structure, interdiffusion occur between Ga and 
A1 (or Ga and In) atoms through group EI lattice, the composition profile of group HI 
atoms after intermixing can be determined by Eq(2.38) with the help of a known 
diffusion length of group HI atoms (refer to Appendix B). However, for 
InGaAs(P)/InGaAsP QW structure, interdiffusion among group HI or group V atoms 
will occur at the same time, the interdiffusion process is very complicated and can 
not be described by a singe diffusion length parameter, unless the QW structure is 
specially so designed that there is only concentration gradient for either the group V 
or group i n atoms [Gill93]. 
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2.4.2 Electro-Optical Absorption 
There are two main mechanism resulting in optical absorption. One is due to band-to-
band transition, essentially, it is governed by the same rule as optical gain. What is 
the difference is in a gain medium, there are inverted population in conduction band 
relative to the valence band, however in a absorption medium, there is not such 
inverted population occurs [Yari91], therefore, absorption due to band-to-band 
transition can be fully described by Section 2.3. Another mechanism is due to exciton 
transition. Li 3D semiconductor material, the electron and hole can be correlated in 
their motion in a way that can be described as the simple Coulomb attraction of the 
electron and the hole. As in the case of hydrogen atom, this attraction leads to bound 
levels, the lowest is one effective Rydberg ( R ; ) below the continuum levels and in 
which the electron and hole are bound to each other with an effective Bohr radius a; 
[Weis91] 
R * = ^ ± R (2.39) 
m � e， 
a l = B r - ^ B (2.40) 
^red 
f \ m m 
where nired is the reduced mass of the electron and hole m^^ =——'―^，£^. the 
V rn^^mJ 
relative permitivity of the semiconductor, Ry=13.6 eV, aB=0.529 A. Jn a QW 
structure (2D semiconductor material), the well width is usually the order or smaller 
than the effective Bohr diameter 2a;，the excitons are confined within the QW and 
the bound energy level (also called exciton binding energy) is given by 
R ; = k ^ ^ R ^ (2.50) 
m � e J 
where k is a constant, its value is between 1 (correspond to 3D case) and 4 
(correspond to infinitely deep well) for the lowest subband. 
The transition energy for excitons is slightly smaller than that for the 
correspond electron-hole band-to-band transition, the difference is just the exciton 
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binding energy, which depend on electron-hole reduced mass, QW width and barrier 
height, and is usually only several meV [Weis91]. 
As electrical field is applied across a QW structure, a large energy shift as 
well as electron-hole overlap reduction dose occur due to the major change in the 
potential well (shown in Fig. 2.3)，this phenomenal is so called quantum confined 
Stark effect (QCSE) [Schm89]. Although large electrical field can be applied while 
retaining finite electron-hole overlap in a QW structure due to QCSE, field-induced 
spatial separation between electrons and holes decrease the overlap integral of the 
subband envelope function of electron and hole in the vertical to QW direction, to 
which the transition rate between electrons and holes is proportional. Therefore, 
field-induced effect reduce both the energy and the intensity of the absorption 
[Weis91]. 
The shift of the transition energy due to QCSE in rectangular potential QWs 
is expressed as follow [Bast83] 
AE = -C(m, + m, ) e ' L : ^ (2.51) 
where nie and niy are the effective mass of the electron and hole, Lz the width of the 
QW, F the applied electric field, e the electron charge and C is a constant. The field 
induced transition energy shift is strongly polarization dependent in a QWs structure 
since large difference in hole effective masses may be involved. Fortunately, as 
mentioned in Chapter 1，in the proposed optical switch, the SOA gate in “off，state is 
just slightly reverse biased, or F=0, the shift of transition energy due to QCSE is very 
small, polarization dependent effects caused by QCSE can be omitted. Li other word, 
the only effect caused by excitons in optical absorption is its superimposition of 
absorption on band-to-band transition with almost the same absorption edge, it 
enhance the absorption coefficient almost without the change of the wavelength 
corresponding to absorption peak and polarization properties. Thus, we consider only 
absorption due to band to band transition and its polarization characteristics, don't 
take effects of excitons transition into account for simplicity. 
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Fig. 2.3 Schematic of the action of an electrical field on a quantum well (QCSE, 
after Ref. [Schm89]) 
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Chapter 3 
DESIGN OF THE OPTICAL SWITCHES 
• Design of Material Layer Structure 
• Design of Device Geometrical Structure 
• Optical Gain in Polarization Insensitive Gain Medium--An Example 
• Optical Absorption in Polarization Insensitive Gain Medium 
--An Example 
For a Y-junction optical switch (Y-JOS), properties such as polarization, crosstalk, 
saturation power, power consumption, gain, loss, noise, compact size and single 
mode operation are important in determine its performance. Many of those 
characteristics are inter-correlated. For example, a smaller confinement factor leads 
to a large saturation power, and a high crosstalk. High speed require a high 
differential gain, thus require a large valence band splitting and a small effective hole 
mass, this may limit the degree of freedom to achieve polarization insensitive gain; 
Low cross talk require a large branch angle for the Y junction, which may be in 
contradiction to compact scale and low loss. Therefore, the main difficulty in the 
design of the optical switch is to optimize most of above mentioned characteristics at 
the same time and take into account optical amplifier, absorber and Y-junction 
passive waveguide as a whole. We have to tailor the material layer structure and 
device geometrical structure for Y-JOS to optimize some key parameters according 
to practical application, some trade-offs have to be take into account. 
As mentioned in Chapter 1，polarization insensitivity for an optical switch is 
essential in optical fiber communication, for a large scale cascade application of the 
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proposed Y-JOS, we would like the operation current for each single switch cell is as 
small as possible so that the overall operation current or power consumption is 
reasonable small, therefore low transparency level and large differential gain for the 
semiconductor optical amplifiers in the switches are desired. The low loss passive 
waveguide is another important component for the optical switch besides the 
semiconductor laser amplifier gates, its performance is largely determined by its 
fabrication technology. Therefore, in this study, polarization insensitivity, power 
consumption, and fabrication technology are focused to investigate. 
3.1 Design of Material Layer structure 
Polarization insensitive operation for the Y-JOS means both optical gain for “on，， 
gate and optical absorption for “off’ gate should be insensitive to the polarization of 
the signal. As discussed in Section 2.3, optical absorption due to exciton transition is 
not considered in this study for simplicity, we focus the design of the material layer 
structure on how to achieve simultaneously polarization insensitive optical gain and 
absorption due to band to band transition for the SOA gates. For HI-V bulk or lattice 
matched QW material, the heavy hole has a greater effective mass thus a larger 
density of states than that for light hole, TE mode also has a larger confinement 
factor than that of TM mode, therefore the TE mode gain is dominated. 
There are usually two approach to achieve polarization insensitive gain 
medium. One is the use of a slightly tensile strain QW structure [Jona93], in which 
the light hole band is brought up on top of the valence band, according to Eq(3.28), 
lead to a larger probability for holes to distribute in energy level in light hole band, it 
is possible to achieve a near-equal hole population in light- and heavy- hole subband 
respectively, thus to achieve a near-equal TE and TM mode gain. However, in this 
scheme, because the light- and heavy hole valence subbands are still close together, 
their interaction are strong, most of the advantages of strain QW as described in 
Appendix A are lost. It also offer few degree of freedom which can be used for 
device optimization. Another approach is the use of a single active layer composed of 
a combination of tensile and compressively strained QWs with equal amount strain 
2-2 
[Tiem93]. Optical gain for a QW structure is largely determined by the reduced 
density of states functions and the Fermi-Dirac function, or population of electron in 
conduction bands and hole in valence subbands, higher electron and hole density can 
result in a higher optical gain. When two type of QWs with different strain type, band 
lineup and hole density of states combined at the same active region, the filling of 
electron and hole in the subbands of each type QW are not independent, it is possible 
to make the optical gain for TE and TM mode close to each other by tailoring the 
strain, band lineup, well widths and well numbers of the compressive and tensile 
strained QWs. This scheme can retain all the merits of strained QW while each type 
well can be optimized separately. Li this thesis, we adopt the later scheme to 
eliminate the polarization dependence for the proposed optical switch. Its principle to 
realize polarization in sensitive optical is shown in Fig. 3.1. 
It should be noted that for both compressively and tensile strained QW gain 
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Fig. 3.1 Principle of polarization-insensitive MQW active layer (after ref. [Thij94]) 
levels. The thickness of the strained layer must be smaller than its correspond critical 
thickness otherwise large amount of dislocations may occur and lead to bad quality of 
the material. Fig. 3.2 shows a compilation of the threshold current densities per 
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quantum well of infinite cavity length 1.5 |Lim wavelength single and multiple 
quantum well laser versus the strain in the temary and or quaternary well. A W-
shaped curve with significantly lower threshold current densities compared to the 
unstained QW lasers is obtained for both signs of the strain [Thij94]. For 
compressive strain branch, with increasing compressive strain, the hole effective 
mass monolithically decreases and the HH-LH valence subband splitting increase. 
Both effects will contribute to the observed reduction in the threshold current with 
increase strain. However, for large compressive strain, temary LixGai_xAs well widths 
become very narrow, interwell-width variation and decreased current injection 
efficiencies reduce the gain. Consequently, a larger carrier density in the well is 
required, which additionally enhance the Auger recombination, and explains the 
slight increase in threshold current density for compressively strained temary well 
with strain >1.5%. Fig. 3.2 shows the tensile strain branch also with a significant 
reduction of the threshold current density [Thij94]. Li the region of the HH-LH 
valence subband crossing, i.e, for tensile strains up to about 0.9%, bandmixing 
effects increase the in-plane hole effective mass. With increasing both the tensile 
strain and the quantum-well width, the HH-LH valence subband separation increase, 
which reduces the band-mixing effects, resulting in decreased hole effective mass 
and nonradiative loss mechanisms. Consequently, the threshold current density 
dramatically decreases to a minimum value as low as 88 A/cm^ for 1.6% tensile 
strained Lio.32Gao.68As SQW lasers. With further increasing the strain and width, due 
to the well width surpass the critical thickness and very poor electron confinement in 
the SQW, the threshold current density increase abruptly again. For compressive 
strain, low operation current can be achieved over wide ranges of grown-in strains 
and QW width. For tensile strain, on the other hand, thick wells grown under relative 
large strain must be applied in order to obtain a favorable band structure [Thij94]. 
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Fig. 3.2 Threshold current density for QW deduced for infinite cavity length -1 .5^m 
lasers versus the strain in the InGaAs(P) QWs using experimental data. The solid 
lines represents fits through the data points (after ref. [Thij94]) 
Heterostructure designed to efficiently capture carriers for radiative 
recombination doesn't mean a low efficient ejection of photogenerated carriers from 
MQW. Escape of photogenerated electrons out of the quantum well is highly 
dependent on bias voltage, under reverses biased conditions they are ejected 
efficiently, whereas under forward biased conditions, carriers injected from contacts 丨 
are captured effectively in the well [Moss92]. Therefore, a separate confinement laser 
structure is suitable to achieve both large optical confinement and injection current 
efficiency. 
The most important for the design of polarization independent optical gain 
medium is to make transition energy of C-HH1 in compressive strain QW equal to 
that of C-LH1 so that in a large wavelength and injection current range, the TE mode 
gain dominantly provided by compressively strain QWs equal to TM mode gain 
provided by tensile strain QW. The procedures include 
(1) Chose and fix the strain, well width of both type of QWs following Fig. 3.2，tailor 
the bandgap energy for the strain wells, calculate composition of both type of QW 
using Eq(3.2-3.3), Eq(3.9-3.10), Eq(3.13-3.15) and Table 2.1，the united and 
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complicated equations can be easily and solely resolved by a simple computer 
code programmed by using MATHEMATICA in this study. Calculate their band 
lineup and electron and hole energy levels in the QWs according to Section 2.2， 
let their transition energy (for n=l) equal to each other; 
(2) The effective heavy and light hole masses can be obtained by calculating the 
valence band energy dispersion for both type of strain QW or from published data 
in reference; 
(3) Tailor the number of each type of QW, calculate mode gain follow Section 2.3 let 
the TE and TM modal gain be close to each other at desired operating current 
density level. 
Because the strain for both type QW is large enough, the splitting of HH1 and 
LH1 valence subband is large enough, only C-HH1 for compressive or C-LH1 
transition for tensile strained QW are considered. 
As discussed in Chapter 1 and Chapter 2, the “off’ gate of the proposed 
switch is just slightly reverse biased and may operate as a detector, its absorption 
characterized by band to band absorption which superimposed by exciton absorption 
with almost the same absorption edge and polarization properties. Therefore, if the 
modal gain of the “on，，gate for the proposed optical switch is polarization 
independent by tailoring the material layer structure as the above steps, its “off，gate 
should also be possible polarization insensitive for optical absorption. This is 
because the optical absorption is governed by the same rule as optical gain due to 
( 
band to band transition. We will discuses this topic in Section 3.3. 
Li a conventional MQWs passive waveguide, the polarization characteristics 
appear to be the larger optical confinement factor for TE mode than that for TM 
mode. This is probably true for the low loss passive waveguide which are fabricated 
from two different strain type QWs by HE-EEI technology. Its effect on overall 
polarization insensitivity of the Y-JOS can be compensated by adjusting the relative 
gain between TE and TM modes through tailoring the material layer structure. 
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3.2 Design ofDevice geometrical structure 
The schematic structure of the proposed optical switch in this study is shown in Fig. 
1.6. The Y-junction optical waveguide is used as a power divider, we would like it: 
Single mode waveguide.; Power from the impute arm is split equally into the two 
output arms; The coupling between the parallel output arms is as small as possible in 
order to enhance the crosstalk performance; Losses are as small as possible; 
Normally, ridged waveguide with a width of 2 -4 ^im is suitable to achieve single 
mode for operation at wavelength of 1.55 ^m and a separation greater than 10 p n 
will be sufficient as the coupling between the arm varies exponentially. Experimental 
and theoretical results indicate that devices with large branching angle leads to low 
crosstalk and large loss [Tami90]. Therefore a trade-off between crosstalk and device 
loss has to be made in determining the device branching angle. Usually, a -3° branch 
angle is suitable to achieve both low loss and a compact scale with sufficient large 
separation of the two branches. It is found that the crosstalk reduce as the lateral 
effective index step for the waveguide increase. As the lateral effective index step 
increase, the propagated light is more tightly confined in the guide region and the 
radiation leakage at the bend is smaller, thus the amount of radiation leakage coupled 




3.3 Optical Gain in Polarization Insensitive Gain Medium 
••An Example 
As an example to verify the band lineup and gain calculation model which are the 
basis of the design of material laser structure and are proposed in Chapter 2，we 
consider a polarization insensitive multi-quantum well laser amplifier module for 
1300-nm windows reported in literature [Tiem93]. It consists of four compressively 
(4C) and three tensile (3T) strained quantum wells, and has a length of 750 jLun. In 
such structures, TE gain occurs predominantly in the compressive strained well by 
stimulated transition from the conduction band to the heavy hole subbamd while TM 
gain occurs in the tensile strained well by stimulated transition from the conduction 
band to the light hole subband. According to this report, the 110 A tensile strained 
QWs are estimated to be composed of Lio.5Gao.5Aso.78Po.22 and the 45 A compressive 
strained QWs are estimated to be composed of Ino.83Gao.17Aso.67Po.33. Both resulting 
in ~1% of strain. The wells were sandwiched alternately between 12.5 nm barriers 
and 50 nm separate confinement (SC) layers composed of lattice matched InGaAsP 
with a bandgap corresponding to a wavelength of 1.05 ^im. A polarization insensitive 
less than 1 dB gain difference over the 3 dB gain band width has been achieved. And 
for four compressively (4C) and two, three and four tensile (2T, 3T and 4T) strained I 
QWs combinations, TE optical modal gain is greater, closer and smaller than TM 
modal gain at wavelength range from 1280 nm to 1330 nm [Tiem93]. Table 3.1 lists • 
the parameters of QWs composed of 1.3|xm polarization insensitive MQW laser 
amplifier reported in Ref. [Tiem93]. Where QWc and QWt denote the compressive 
and tensile strained QW respectively, nihhi and mihi are effective mass of heavy and 
light hole for the first subband given in [Tiem93]. It should be noted that the 
compositions for the QWs in our calculation are slightly different from what were 
given in [Tiem93], for the compressively strained QW, the mole fraction 
(x,y)=(0.168, 0.326) in our calculation compared to (x,y)=(0.17,0.33) in [Tiem93], 
for the Tensile strain QW, (x,y)=(0.501,0.234) in our calculation compared to 
(x,y)=(0.5,0.22) in [Tiem93], the maximum error is only 6.4%. The band lineups and 
other parameters for the compressive and tensile strained QW are calculated using 





























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































The separate confinement (SC) layers, composed of lattice matched InGaAsP with a 
bandgap corresponding to a wavelength of 1.05 [im are estimated to be composed of 
In0.11Ga0.89As0.24P0.76 by Eq (2.15) and Eq (2.17). The length of the reported 
semiconductor optical amplifier is 750 ^,m. By using parameters in Table 3.1 and 3.2, 
dependence of polarization resolved gain spectrums on different recombination 
current density for 4C/3T combination are calculated by using Ishikawa et al's, 
Krijn's and our improved scheme respectively, the results are shown in Fig. 3.3. 
Polarization-resolved gain spectrum for four compressively and two, three and four 
(2T, 3T and 4T) strained QW combination, calculated by our revised scheme and are 
shown in Fig. 3.4. Tiemeijer et al's experimental results is shown in Fig. 3.5. As a 
matter of fact, we can not fully compare our calculation with Tiemeijer et al's 
experimental results since we don't know the width, non-radiative recombination 
current and optical losses of the reported optical amplifier. However, in polarization 
independence of optical modal gain point of view, we can conclude that both Krijn's 
and Ishikawa's scheme are consistent poor with Tiemejer's experimental data, our 
revised scheme consistent much better with the experimental results. 
Table 3.3 The refractive index of layers in the polarization insensitive laser amplifier reported 
in [Tiem93] at X=1.3pm. 
Ino.5Gao.5Aso.78Po.22 iio.83Gao. 17Aso.67Po.33 In0.11Ga0.89As0.24P0.76 InP 
(QWc) (QWt) (Barrier and SC layer) (Sub. and Clad.) 
~ ^ 3.506b 3.542b 3.296" 3 ^ ^ 
where a) Calculated based on [Han94-Adac82] or Appendix B. b) Using the data for refractive 
index calculated by Eq.(4.7.4) in ref. [Agra93] at wavelength corresponding to the bandgap of 
InGaAsP lattice matched on InP which has the closest composition to the strained QWs. 
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Fig. 3.3 Polarization resolved gain spectrums on different recombination current 
density (JR) for 4C/3T combination of the SOA with a length of 750 |im calculated 
by (a) Krijn's scheme; (b)Ishikawa et al's scheme; (c) This work 
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Fig. 3.4 Polarization-resolved gain spectrum calculated by our revised scheme in this 
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Fig. 3.5 Tiemeijer's experimental results for the 1.3 |xm polarization insensitive 
optical amplifier (after ref. [Tiem93], [THij94]) 
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3.4 Optical Absorption in Polarization Insensitive Gain Medium 
"An Example 
Polarization insensitive operation of the Y-JOS based on SOA gates means that the 
switching characteristics, such as the chip gain, crosstalk and extinction ratio should 
be insensitive to the polarization of the signal. Therefore, polarization characteristics 
of the optical absorption for ‘‘off，gate is also important. How to design the material 
layer structure so that it achieve both polarization insensitive gain and absorption for 
‘‘on，，and ‘‘off，gates simultaneously? or how about optical absorption for a 
polarization insensitive gain medium, is it still polarization insensitive to optical 
absorption? We try to answer those questions in this section. 
As discussed in Section 2.4，only optical absorption due to band to band 
transition is considered in this study, and we know optical absorption due to band to 
band transition is governed by the same rule as optical gain due to band to band 
transition. If we design the polarization insensitive gain medium according to the 
discussion in Section 3.1，i.e., tailoring the compressive and tensile strained QWs so 
that their modal gain equal to each other at small current injection level, the 
polarization insensitive absorption should be guaranteed. However, difference 
between optical absorption and gain dose exist. According to Eq.(2.27) and 
Eq.(2.29a), if the light energy is greater than the lowest transition energy of the QWs 
and the gain's spread broading is ignored, the peak modal TM gain can be derived as 
GTM - r , , g l \ 〜 ： " ] ( f . r - U ) (3.1) 
K^^lhT+^eT) 
Similarly, the peak TE-mode gain can be expressed as 
GTE - r — � ^ ^ ] ( / c c - / v c ) + { " ^ ^ ^ a r - f J (3.2) 
.V ^ hhc + ^ec J 3 mihT + m^j _ 
Where go is a prefactor. We don't consider well width because confinement factor is 
proportional while the reduced density of the state is reverse to it thus it has no 
contribution directly to the overall optical gain. From Eq.(3.2), we can see clearly 
that for optical gain with inverse carrier population in conduction and valence band, 
the gain coefficient of TE and TM modal is determined by both reduced density of 




Fermi levels for conduction band and valence band), the later is related to the band 
lineup and lowest energy levels for conduction and valence band of the MQW 
structure. However, for the case of absorption with no carrier injection, fcc=fcx=0, 
fvc=fvT=l, the absorption coefficient is sole determined by the reduced density of the 
states, it is independent to the band lineup and lowest energy level in conduction 
band and valence band of the MQW structure, or it is not related to the distributions 
of carrier in energy levels in MQW structure. This difference may affect the 
accordance in polarization sensitivity between optical gain and absorption when large 
injection current level is concerned. 
We still use above polarization insensitive gain medium [Tiem93] as an 
example to examine its optical absorption. Polarization resolved optical 
gain/absorption spectrum for the 1.3 ^im SOA are shown in Fig. 3.6. It is obviously 
that polarization insensitive gain medium results in polarization insensitive optical 
absorption due to band to band transition at very small current injection levels. This 
conclusion will be useful in the design of the Y-JOS based on laser amplifier gates. A 
conclusion thus can be obtained from this example and above analysis that 
polarization insensitive gain medium also exhibit polarization insensitive absorption 
when biased properly, it is possible to achieve polarization insensitive for both 
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Fig. 3.6 Polarization resolved gain/absorption spectrums on different recombination 
current density for 4C/3T combination of the SOA with a length of 750 [im 




• Passive Waveguide Formation 
• Oxygen Implant Isolation 
• Self Aligned Ridged Waveguide Technology 
• Reduction of Effective Facet Reflectivity 
• Fabrication Process Flow 
• Schematic Structure of the Fabricated Switches 
As discussion in Section 1.2, the proposed optical switch consists a low loss Y 
junction passive Waveguide (or 3-dB power spliter) and two identical semiconductor 
optical amplifiers (or absorbers) on its two branches. The bandgap of the passive 
waveguide should be greater than that of the optical gates so that the incoming light 
with operation wavelength corresponding to the transition energy of the bandgap of 
the SOA is transparent, thus the optical losses of the optical switch is reasonable 
small. Li order to achieve this purpose, high energy ion implantation enhanced 
intermixing (HE-EEI) technology for quantum wells is employed to selectively 
blueshift the band gap of the QWs of the Yjunction waveguide. 
In the operation of the switch, the “ on “ branch is forward biased (operated as 
an optical amplifier) while the “off，branch is slightly reverse biased (operated as an 
absorber) relate to the substrate, voltage drop across the amplifier and the absorber is 
formed. Electrical isolation between the amplifier and the absorber is necessary to be 
4-1 
1 
formed to block the current flow across them, thus reducing the power consumption 
and enhance the stability of the device. Multiple energy double oxygen implant 
isolation is carried out for this purpose. 
We proposed and demonstrated a self-aligned ridged waveguide technology 
to achieve single mode waveguide structure of the switches. It can decrease both the 
contact resistance and capacitance of the top electrode while the fabrication process 
is simple. Fabrication process flow for the proposed optical switches for both 
InGaAsAnGaAsP/InP and InGaAs/GaAs/AlGaAs material system are also presented 
in this Chapter. 
4.1 Passive Waveguide Formation 
The selective intermixing of quantum well (QW) structures (also called QW 
disordering) has attracted much attention recently as a technique for the fabrication 
and integration of optoelectronic devices such as QW lasers, modulators, and passive 
waveguides [Pool96, Rand95, Hofs95]. Jn a QW system, a permanent change in the 
absorption edge can be accomplished by intermixing the wells and the barriers in 
order to alternate the well composition (and thus, band gap), and profile of QW. This 
process relies on the fact that there is a large composition gradient of atomic species 
across the QWA)arrier interface, at elevated temperatures, a mixing of QW and 
barrier materials can occur [Gill93]. This intermixing process is enhanced 
dramatically by the presence of vacancies in the interface region. It offers a planar 
technology which can be used to laterally integrate regions of different band gap, 
refractive index, and optical absorption within the same epitaxial layers. A common 
approach for such integration is based on critical etching and regrowth in selected 
area which has disadvantages of inherent device processing complexity. QW 
intermixing is based on postgrowth modification of the structure, it appears to be an 
appealing alternative due to its simplicity and no mismatching between the two 
conjunction waveguides. This can be achieved using a number of techniques such as 
impurity induced disordering [Thor88,Zou91], localized laser annealing [Mcke94], 
impurity free vacancy disordering [Burk95,Ayin92,Ooi95,Rao95], or ion 
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implantation enhanced intermixing (or interdiffusion) followed by thermal annealing 
[Nell89,Ande92,Papp92,Kuna93]. 
4.1.1 Impurity-free vacancies diffusion technology 
Among all the technology resulting in QW intermixing, impurity-free vacancy 
diffusion (ffVD) and ion implantation enhanced intermixing (EEI) technology for 
selective intermixing of QW have been studied most extensively. Both allow 
bandgap tunability without significant change of the quality of the material, and 
spatial control of the degree of intermixing has been demonstrated in both 
(In)GaAs/AlGaAs and InGaAs(p)AnP system. However, this two kind of intermixing 
QW technology behave some different features. For different material system, the 
way to apply JFYD is different. For example, for InGaAsP/InP QW material system, 
either phosphorous-doped silicon-dioxide (SiO:P) encapsulation followed by RTA 
[Rand95], [Rao95] or annealing under phosphorous over pressure in a vacuum sealed 
quartz ampoule [Fran94] can be used. This impurity-free cap-annealing technique 
induces group V elements interdiffusion on the group V sublattices in the QW stack. 
As for GaAs/AlGaAs QW system, the encapsulating layer is SiO2. The intermixing is 
due to interdiffusion of A1 and Ga between the GaAs QW and the AlGaAs core 
region at elevated temperatures, and is greatly increased in the presence of a high 
concentration of group-III-vacancies. This process relies upon the outdiffusion of Ga 
ions into a SiO2 capping layer to generate these vacancies, which diffuse into the 
heterostructure promoting intermixing. Jn contrast, SrF2 as a dielectric capping 
material inhibits vacancies generation, such that very little intermixing occurs in the 
regions of the crystal covered by the SrF2 cap, thus selective intermixing can be 
achieved [Ayin92,Ooi95]. 
On the other hand, ion implantation enhanced intermixing QW technology 
has been applied to increase the local band gap [Ande92][Hira93] or produce lateral 
optical waveguide confinement [Kuna93,Gill93] of QW lasers. Nasum et.al. 
demonstrated a dual-wavelength MSM demultiplexing waveguide photodetectors 
using the ion implantation approach, this method was believed to improve 
reproducibility and better control of the continuous energy shift of the absorbing 
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layer as compared with silicon dioxide capping approach [Masu91]. Just like a 
doping process where ion implantation has advantages in smaller lateral spreading, 
well processing control and compatible to VLSI or MMIC compared to diffusion, 
HEI method seem to be superior to JFYD in some application, such as selective 
intermixing in selected area. Li fact, GaAs/AlGaAs quantum dots with diameters 
down to 70 nm have been realized by implantation enhanced intermixing [Prin93]. 
Gain coupled distributed feedback lasers was reported to be realized by masked 
implantation enhanced intermixing and second epitaxy technique [Kade94]. 
Comparison has been made between EEI and JFVD technology in the application of 
QW intermixing and shown in Table 4.1 
Table 4.1 Comparison between 1正1 and ffVD technology in the application of QW intermixing 
Reproducibilit For different Lateral Feasibility to achieve 
y QW system, the spreading of Temperature intermixing and isolation 
& Control of feature to apply intermixing ( °C) simultaneously 
the energy shift 
ffYD poor different large 650[Fr^4] .9QQ No 
nED better s ^ smaller 5 5 0 [ P _ ] _900 Yes 
^ ^ ^ M ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ H ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ M M H I I ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ M ^ M M ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ M I ^ M ^ ^ ^ ^ ^ ^ ^ H M m i l ^ ^ ^ H ^ M ^ ^ ^ ^ ^ ^ ^ H H M I ^ H ^ ^ B M ^ ^ ^ ^ ^ ^ ^ M M  . . 
4.1.2 High energy ion implantation enhanced intermixing technology 
It has been shown, for EEI technology, that ion has to be implanted in the vicinity of 
the QW active layer in order the intermixing to occur [Jack91,Kahe89]. This may be 
due to the short life-time of the vacancies produced by ion implantation and 
subsequently annealed out at high temperature. Li optoelectronics, the material which 
is most widely used is an optical waveguide structure, the QW core region below 
surface has a depth which is beyond the range of ion implantation with a 
conventional energy (<1 MeV). Higher energy ions are therefore benefit to produce 
vacancies efficiently in the structure with more alternatives. 
High energy ion implantation enhanced intermixing (HE-EEI) technology for 
QWs has been studied as a method to provide optical confinement and electrical 
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isolation in GaAs/AlGaAs laser structure in the late 1980s [Brya89,Xion89]. Since 
then, much progress has not been made until recently [Char95a,Char95b,Pool95]. 
Spatial selective intermixing of InGaAs/InGaAsPAnP 5-QW laser structure has been 
reported using 1 MeV P+ implantation at a dose of 2.5x10^^ cm^ and implantation 
temperature of 200 °C . The structure was annealed at a temperature of 700 °C for 
90 seconds in a N2 atmosphers with a large piece of GaAs face dcwn upon it. The 
main results are as follow [Char95a]: 
• Low temperature (5 K) PL peak blue shift of 52 nm has been obtained, the FWHM 
increase from 10 to 13 nm; 
• Single mode waveguide optical losses of the band-gap shifted laser structure is less 
than 4 cm "^  (17 dB/cm) at 1.5 p,m (PL peak for as grown material is 1.56 ^im at 
room temperature); 
• Broad area lasers were tested at room temperature under pulsed condition, blue 
shift as large as 63 nm with same threshold current as that fabricated from the as 
� 
grown wafer(1367 A/cm )，external quantum efficiency decrease only slight from 
30.7% to 24.6%. 
This process offer a simple and potential low-cost route for fabrication 
photonic integrated circuits. Li ffVD technology, surface, several microns above the 
active QW region is used as the source or sink of the vacancies, lateral diffusion 
under the control mask has almost the same depth as the vertical diffusion length. 
High energy ion implantation can introduce vacancies and defects directly in the 
vicinity of the QW, therefore HE-DEI technology may offer potential advantages of 
reduced lateral spreading. 
High energy P+ implantation enhanced intermixing QW technology is 
employed to fabricate the low loss Y junction optical passive waveguide in this 
thesis. The advantage in using phosphorus ions as implantation species is that no 
additional impurities are introduced in the structure. Furthermore, in 
InGaAsAnGaAsP/InP material system, the p-type dopant is usually high mobile Zn 
species, high temperature process involved QW disordering may cause Zinc 
diffusion, resulting the move of the p-n junction, leads degrade of the device 
[Ayli94]. Excess P may forces more Zn into substitutional positions where it diffuses 
slowly [Namb74]. 
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4.1.3 Elevated temperature 0+ HE-IIEI of MQWs 
Li the fabrication of low loss passive waveguide, it is desired to intermix the QW and 
insulate the waveguide simultaneously in order to reduce both bandgap and free 
carrier absorption. In application of this technology on providing optical confinement 
for active devices, it is also desired that the intermixed region is highly resistive so 
that both the light and injection current spreading is small [Brya89,Xion89]. 
However, ion implantation enhanced intermixing technology and other QW 
intermixing technology usually require a high temperature process to achieve restrict 
processing (650°C-900°C), conventional isolation process such as 0+ implantation 
can only withstand a temperature process in the range 400-600°C [Pear89,Rao89]. 
The high temperature process tends to restrict processing flexibility and inhibit self-
aligned metalization processes, ff ion implantation is conducted at an elevated 
temperature, significant dynamic annealing of defects can take place and complete 
strongly against the coalescence of point defects into highly stable structures. As a 
result, implantation at elevated temperatures leads to much more efficient 
intermixing compared to implantation at room temperature [Gill93], a post 
implantation annealing could be carried out at lower temperature or even be omitted. 
It was possible to simultaneously achieve compositional disordering of the QW 
material and formation of highly resistive regions by oxygen ion beam mixing at 
moderately elevated temperatures [Papp94], [Papp92]. 
4.2 Oxygen Implant Isolation 
There have been much investigation on high resistivity regions produced by ion 
bombardment of GaAs, LiP [Pear89,Rao93]. This technology relies on deep levels 
created by the bombardment trap the free carriers when ion species density is below 
the doping density of the target material. It is possible to achieve � 1 0 8 Q/ sheet 
resistance for n- or p-type GaAs and AlGaAs, p-type LiP, ~ 10^ QJ sheet resistance 
for n-type LiP and ~ 10^ QJ sheet resistance for N- or p-type InGaAs, with a retum 
to the initial resistivity after elevated temperature annealing (approximately 600 °C 
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for GaAs and AlGaAs, � 5 0 0 � C for LiP and InGaAs). When the concentration of 
these species excess the doping density in the material, the bombarded regions retain 
their high resistivity even after high temperature annealing [Pear89]. 
Li the fabrication of our proposed Y-JOS, a multiple low-energy (30-500 
KeV) double charge 0+ implant sequence has performed with total dose 4.5x10^^ cm_ 
2 at room temperature. The insulation of the implanted region is detected by a simple 
two probe method, which is based on potentionmetric measurement of the 
breakdown property of a metal to semiconductor point contact diode [Gard85]. 
4.3 Self Aligned Ridged Waveguide Technology 
Compared with buried heterostructure, ridged waveguide structure is easy for 
fabrication and has a compatible good performance. There are two typical way to 
achieve ridged waveguide active devices. They are ridged waveguide and self-aligned 
ridged waveguide technology respectively. 
Fabrication process flow for ridged waveguide technology 
A. Ridge waveguide etching 
1. Clean wafer 
2. Spin on resist 
3. Align and exposes ridged waveguide pattems 
4. Dry or wet etch 
5. Strip resist 
B. Open windows for top electrode 
6. Clean wafer 
7. PECVD dielectric film such as SiO2 or Si3N4 
8. Spin on resist 
9. Align and exposes electrode window 
10. FOE dialectical film 
11. Stripe resist 
C. Form top electrode 
12. Clean wafer 
13. Align and expose electrode and bond pads 
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14. Lift-off electrode and bond pad metal 
Self-aligned ridged waveguide technology [Chao91] 
A. Achieve etching mask 
1. Clean wafer 
2. Spin on PMMA/AZ4330 resist 
3. Evaporate Ti film 
4. Spin resist 
5. Align and expose ridge waveguide 
6. Etch Ti film 
7. Rffi PMMA/AZ4330 by O2 plasma 
B. Ridged waveguide etching 
8. Dry etch ridged waveguide using PMMA/AZ4330ATi trilevel layer as a mask 
C. Form contact isolation 
9. Deposition of SiO2 for the contact isolation 
10. Lift-off SiO2 from the top of the ridge 
D. Form top electrode 
11. Clean wafer 
12. Spin resist 
13. Lift-off contact and bond pads metal 
The self-aligned ridged waveguide discussed above is complicated and has a 
drawback— The ridge waveguide form a deep and step mesa which is not benefit to 
metal contact and may decrease the yield. We proposed and demonstrated a planar 
self-aligned ridged waveguide technology assistant by Si-Ox-Ny and polimide, the 
ridge can be possibly planared by polimide and the process is more simple. 
Self-aligned ridged waveguide technology [This work] 
A. Ridged waveguide etching 
1. Clean wafer 
2. Spin on resist 
3. Align and expose ridge waveguide 
4. Etch ridged waveguide 
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5. Strip resist 
B. Form shoulder patterns beside the ridge 
6. Clean wafer 
7. Spin on Polimide 
8. Preliminary bake at 150°C for 30 min. 
9. Spin on resist 
10. Align and expose shoulder pattem 
11. Etch openings in polimide by using C4H3NO (Tetramethyl ammonium hydroxide 
solution) 
12. Deposition of 100-nm-thick Si-Ox-Ny by Physical Enhancement Chemical Vapor 
Deposition (PECVD) 
C. Achieve second level polimide 
13. Spin on second-level polimide 
14. Preliminary bake at 150�C for 30 min. 
D. Thin and permanent polimide 
15. Thin polimide by RJE using oxygen till the Si-Ox-Ny on top of the ridge is 
exposed 
16. Rffi Si-Ox-Ny by using SFg 
17. Permanent polimide at 300�C for 3 hours 
E. Form top electrode 
18. Clean wafer 
19. Spin on resist 
20. Align and expose ohmic contact pattem 
21. Evaporate and lift off contact metals 
22. Alloy metalization 
For the “off，gate of the switch, since the active absorber layer of the switch 
is thin enough to give negligible transit time, capacitance become important in the 
chip design [Wake91]. Bondpad capacitance can be minimized in this self-aligned 
ridged waveguide technology by the use of a thick layer of polimide to isolate the p-
contact metal. Polimide have a low dielectric constant (3.5) that make them highly 
suitable for low-capacitance metal crossover. The polimide layer is essential in this 
respect because the substrate is conducting. 
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It should be noted that the crystalline nature of the JnP lattice leads to 
anisotropic etching in most cases in which masking materials are used to pattern the 
wafer for etching. Fig. 4.1 illustrates the anisotropic etching behavior generally 
obtained on LiP based on (100) wafer orientation. This is by far the most commonly 
used wafer orientation for devices fabrication because it has two natural cleavage 
j ‘ 
directions perpendicular to each other. These are the {110} planes. Devices are 
generally oriented parallel to these planes to allow cleave. The squares in the figure 
represent a masking material, such as photoresist. Jn Fig. 4.1(a), the mesa has been 
oriented so that the edges are parallel to a <011> direction. Li this case, two of the 
edges will yield profiles that have outward slope; The other two edges will have 
inward sloping or undercut profiles. Obviously, the later direction is completely 
inappropriate for metal crossovers. Li Fig. 4.1(b), the mesa has been oriented so that 
its edged are 45° to a <011> direction. In this case, the resulting edge profile will be 
midway between the two case above, and will yield essentially vertical walls, 
however, in this direction, it is impossible to obtain two parallel cleaved mirror 
facets. Li all cases, there is considerable undercutting of the masking material, 
achievement of low-undercut etch rates usually requires the use of dry etching 
process. 
[iTo] 
RESIST MASK ^ ^ X 
_ ":C>/ "^~^  / 
a) b) / 
Fig. 4.1 The anisotropic etching behavior for (100) InP crystal, (a) Mask edges are 
i 
parallel to the <011> cleavage planes; (b) Mask edges are 4 5 � t o the cleavage planes. 
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4.4 Reduction of effective facet reflectivity 
Three principle schemes existed for achievement of low reflectivity [Agra93]: 
• ultra-low reflectivity dielectric-coating method; 
• buried-facet method; 
• tilted method. 
An effective reflectivity as low as 6x10'^ was reported to realize by combining 
antireflection coated and 10° angled facet technique [Wake91]. The tilted method is 
the simplest way to suppress the resonant modes of the F-P cavity, it is to slant the 
waveguide from the cleaved facet so that the light incident on it internally dose not 
couple back into the waveguide. We just adopted this method in the fabrication of 
our optical switches in this study. 
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4.5 Fabrication Process Flow 
4.5.1 Layer structure of the material 
SCH 4-QW InGaAsAnGaAsP/foP and GREsf-SCH single QW toGaAs/GaAs/AlGaAs 
laser structure are used in this thesis. Their layer structure is as follow: 
p-InP 40 nm 7x10^^ cm"^ 
p-InGaAs 200 nm 3x10^^ cm"^ 
p-InP 1400nm4xl0i7cm_3 
1.28Q 100 nm SI 
4 InGaAs/InGaAsP QW SI 
1.28Q 100 nm SI 
n-InP 1000 nm 2x 10�^ cm'^ 
n+-InP SUB. 
The SCH 4-QW InP based laser structure is grown by LP-MOCVD. It consists of 
four undoped 6.5-nm-thick InGaAs QW, separated by undoped 10-nm-thick barriers 
(kpL=1.28 fi,m) and embedded in between 100-nm-thick tiGaAsP (^pL=1.28 ^im) 
optical confinement layers, all the layers are lattice matched to lnP substrate. The 
upper cladding layer is 1.4-|xm-thick, 4x10^^ cm"^ Zn-doped InP, the lower cladding 
layer is 1-^m-thick, 2x10^^ cm'^ Si-doped lnP. Above the upper cladding layer is 
200-nm-thick, 3x10^® cm'^ Zn-doped &iGaAs, finally, 40-nm-thick, 7x10^^ cm"^ InP 
complete the structure. 
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The GRJN-SCH single LiGaAs/GaAs QW laser structure used in this study is grown 
on n+-GaAs substrate by MBE. The active region of the material contains undoped 
7.5 nm Mo.i8Gao.82As QW separated by 10 nm GaAs barrier. 10 period n-type 
Alo.2Gao.8As/GaAs superlattice (3 nm thick for each layer) is first grown on the 
substrate. 100 nm thick 1x10)8 cm"^ n-AlxGai_xAs (x=0.2->0.6), 1000 nm 1x10^^ cm'^ 
n-Alo.6Gao.4As and 210 nm 5x10^^ cm"^  n-AlxGai.xAs (x=0.6->0.2) composed of the 
lower grading layer, cladding layer and optical confinement layer. 210 nm 
p-AlxGai_xAs (x=0.2->0.6), 800 nm 1x10^^ cm"^  p-Alo.6Gao.4As and 100 nm 1x10^^ 
2 
cm" AlxGai_xAs (x=0.6->0) composed the upper optical confinement layer, cladding 
layer and grading layer, the cap layer is 250 nm 1x10)9。爪-3 p-type GaAs. The n-type 
dopant is Silicon, and the p-type dopant is Be. 
p-GaAs 250 nm 1x10^^ cm'^ 
p-AlxGai_xAs (x=0.6->0) 100 nm 1x10^^ cm"^ 
p-Alo.6Gao.4As 800 nm 1x10^^ cm"^ 
p-AlxGai.xAs (x=0.2->0.6) 210 nm 5x10^^ cm'^ 
GaAs/Ino.19Gao.8iAs QW Xf=9S0 nm SI 
n-AlxGai_xAs (x=0.6->0.2) 210 nm 5x10^^ cm"^ 
n-Alo.6Gao.4As 1000 nm lxlC)i8 cm'^ 
n-AlxGai_xAs (x=0.2->0.6) 100 nm 1x10^^ cm_3 




Fabrication process flow for broad area lasers 
1. Clean wafer by boiling acetone and methanol 
2. Removing the top 40 nm InP layer by HCl:H20=4:1 at room temperature (R.T.) 
(for GaAs based material, this step is omitted) 
3. Evaporate AuZn/Ag/Au (=40 nm/30 nm/50 nm) on front surface 
(for GaAs based material, Evaporate Cr/Au (=40 nm/50 nm ) 
4. Mount wafer face down on metal carrier and thin wafer to � 2 0 0 [im 
5. Clean wafer 
6. Evaporate AuGeNi/Ag/Au(=40 nm/30 nm/50 nm) on backside 
7. Alloy metalization by RTA at 420°C for 15s� the temperature rising time is 10s 
8. Cleave the wafer 
9. Saw wafer and separate 
4.5.2 Fabrication process flow for the Y-junction optical switches 
A. Form high energy ion implantation mask 
1. Clean wafer 
2. Removing the top 40 nm t iP layer by HCl:H20=4:1 at room temperature (R.T.) 
(for GaAs based material, this step is omitted) 
3. Sputtering W film 
1200 nm W film is deposited on wafers by Ar+ sputtering 
4. Spin on resist (AZ1400) 
5. Align and expose ion implantation region 
6. Reactive ion etching (Rffi ) W by using SFe 
7. Slightly etch LiGaAs for subsequent alignment by using H2SO4:H2O2:H2O =3:1:1 
for 30s at R.T. 
ifor GaAs based material NH4OH:H2O2:H2O=l: 1:180for 50s at R.T. is used) 
8. Strip resist by acetone 
B. High energy P+ implantation enhanced intermixing of QW 
9. Clean wafer 
10. P+ implantation at 2 MeV, 9x10^^ cm'^ 
11 Removing W film by Rffi 
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12 Clean wafer 
13 Rapid Thermal anneal (RTA) at 800 °C for 15s� the wafer face down on a large 
piece of surface-polished InP 
(For GaAs based material, RTA at 850�Cfor 15s，the wafer face down on a large 
piece of surface-polished GaAs) 
C. Oxygen Implant Isolation 
14. Sputtering W film as step 3 
15. Spin on resist 
16. Align and expose isolation pattem 
17. Rffi W film 
18. Strip resist 
19. Clean wafer 
20. Multiple energy double 0+ implantation at equivalent energy and dose of 60 
KeV, 10i3 cm_2 plus 150 KeV, 10" cm'^ plus 300 KeV, 10^^  cm'^plus 600 KeV, 10" 
cm_2 plus 1000 KeV, 5x10^^ cm"^ 
21. Removing W by Rffi 
22 Clean wafer 
23 RTA at 500°C for 5s 
(For GaAs based material, RTA at 600�Cfor 5s) 
D self-aligned ridged waveguide 
24. Clean wafer 
25. P E C V D - 1 0 0 nm Si-Ox-Ny 
26. Spin on resist 
27. Align and expose ridge waveguide 
28. Rffi Si-Ox-Nyby SFg 
29. Wet etching ridged waveguide by using H2SO4:H2O2:H2O=3:l:l for 30s first to 
remove the InGaAs, then etching InP by HCl:H2O=4:l for 15s at R.T. 
(For GaAs based material, H2SO4:H2O2:H2O=5:l:lfor 27s atR.T.) 
30. Remove resist and Si-Ox-Ny 
31. Clean wafer 
32. Spin on Polimide 
33. Preliminary bake at 150°C for 30 min. 
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34. Spin on resist 
35. Align and expose shoulder pattems 
36. Etch openings in polimide by using C4H3NO (Tetramethyl ammonium hydroxide 
solution) 
37. Strip resist 
38. Deposition of 100-nm-thick Si-O^-Ny by PECVD 
39. Spin on second-level polimide 
40. Preliminary bake at 150°C for 30 min. 
41. Thin polimide by RJE using oxygen till the Si-Ox-Ny on top of the ridge is 
exposed 
42. Remove Si-Ox-Ny by RJE using Sp6 till the cap layer of the ridge is exposed 
43. Permanent polimide at 300°C for 3 hours 
44. Clean wafer 
45. Spin on resist 
46. Align and expose ohmic contact pattem 
47. Evaporate AuZnA\g/Au (=40 nm/30 nm/50 nm ) 
48. Lift off metal by using acetone and ultrasonic 
49. Alloy metalization by RTA at 460°C for 15s� the temperature rising time is 40s 
E Backside processing 
50. Mount wafer face down on metal carrier and thin wafer to 200 ^im 
51. Clean wafer 
52. Evaporate AuGeNi/Ag/Au(=40 nm/30 nm/50 nm) 
53. Alloy metalization by RTA at 420°C for 15s� the temperature rising time is 10s 
54. Cleave the wafer 
55. Saw wafer and separate 
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Fig. 4.2 Fabrication process flow for the proposed optical switches 
2-18 
4.6 Schematic Structure of the Fabricated Switch 
The Y-junction optical switches are successfully fabricated in the first time using InP 
based MQW laser structure and above HE-HEI and self-aligned ridged waveguide 
technology. The structure of the fabricated optical switch is shown in Fig. 4.3. The 
width and height of the ridged waveguide are ~ 4|xm and -0.7^im respectively, 
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Fig. 4.3 Structure of the fabricated Y-Junction optical switch. Top one is viewed by 
SEM; Down-Left is schematic cross section view; Down-right is schematic top view 
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the length of the passive Y junction optical waveguide (intermixed QW structure) 
and the optical amplifier/absorber (non-intermixed region) are � 4 9 5 n j n and ~520|xm 
respectively, the branching angle is 3。，and the separation between the two output 
branches are 26 ^m. Its self-aligned ridged waveguide structure is examined by SEM 
and is shown in Fig. 4.4. Its optical guided mode and switching characteristics are 
demonstrated and discussed in next Chapter. 
^^^B3ip^ii^^!^^i^^y^^i^i]^jujumijiiiiii^^^[jjjuimjmmpmu 
‘ ；：]lji^ '<!>>^^>rp ,^r*=7wJPHiP '““ ^Jppw*iiiippiiBii 
^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ™ ^ ^ ^ ^ * " 备:样;:,::、:::7 〜:::.…:…. 
^^^^^^^^^^^^ |*::.:::1#::::^ ^^ ® 
^^^B^^^^^^^^WI^Pi^^^^^^Pi^. ' � � : ^ : _ & : ::::•::::: 
^^¾¾¾¾¾¾¾^^¾^^^¾^^^¾¾¾¾*¾^^¾^^^^-^ ‘ 丨：丨〉. • .sV^.:. :-:X/riV：-' :;¾,.-;:.-;:-.';-
漏纖纖纖蓋1^ ^^ #^^ >^嚇嫌_霧#__灣_麵薄^ 麟^： ..::r.-; .. t'r V' -V-';..y'^ --':::::.. J^^^^^r^^^^^ :^^^^^ !^i^ -^^ ^^ j^^ ?^^^ i^^^^^^^^^^^^^^^ P^"P!^:. .>':, ^^ ^^ 1贜舉_雾薪縫霧灘^ ^^ ^^海€^ ^^ &^卺^ _^ •••,"'：';••••'". '.;-:¾^:-;':.:. ^SS^i^^^^ft^P^^^^^^^^^^^K^: •.... ... :;::.:〈..:..：勢.：.-•• 
^^ ^^ ^^ ^BS^^ ^^ Sft^ ^^ ^BWi^ t^e^ ^P" ^^^^ ..”. 
^^^^^^^^^^^^^^^^^^^P,.::^*fc:h 
^ p _ i p ^ ^ ^ ^ ^ l ^ ^ ^ l ^ ^ p i .: �. 
.Jfy^, « •夕-##^S^^^i^y' '^f^,Sii0SH^^.^^0^, f i ^ 
^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ P '‘ .、“ ...::::::： .::,.. ^^M^^^m^^M^^^m^^m^^M^m^^^^^^^^ :�.'• - -.^ ‘ '••.  ^^^^^^^^^^^S^^^^pir :.'’ :. '::, ^^^^^^^^^^^^^^^^i^^^^^m^^^^^^^^^^^^ " 、 : . •• *'•'- ^'" '• .. ... ._；•. •• 
^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ‘ 〜 > * . : : : : : : : . : ; , ‘ ：：:::::. ：： V , , � ' � : : <. 
&C1j^^^^^P^^^^?^^^^. . . , ^ ^ < ^ i ^ i M i ^ » > « „ « » ^ i i i a M H M M i ^ i M i f c - i ^ t o i i i f c i f c < « > » ^ < » i ^ 
— J 
_ r . ‘ ： ： - . 
I ? ^ ‘ •'；' ”》、:::'^;/' ； '二 “‘、 、;》货、^ - •-
1 : : ¾ ¾ : ^ - ' 一 ^ ¾ ^ ^ - ^ � ' ' : : : > 
fcS:;.^-:;-^^'^:^..t-. ： V , 
M i i 
Fig. 4.4 SEM view of the self-aligned ridged waveguide structure of the fabricated Y-








• Current-Voltage Characteristics 
• Guided-Wave Optoelectronic Measurement 
• Oxygen Implant Isolation 
• Characteristics of Optical Switches 
There are two kinds of material used to fabricate the optical switches and study for 
QW intermixing technology. One is graded-index separate confinement 
heterojunction (GRDs[-SCH) InGaAs/GaAs single strained QW laser structure (GaAs 
based structure in short), which is interested for application in future optical 
computing and shot haul fiber optical communication. The other is separate 
confinement heterojunction (SCH) lattice-matched InGaAs/InGaAsP/InP 4-QW laser 
structure (InP based structure in short), which is interested for fabrication of 
optoelectronic devices in future long haul fiber optical communications. Their layer 
structures are shown in Section 4.5. Additionally, semi-insulating GaAs and InP 
samples are also used to test the implantation and annealing. Photoluminescence 
(PL), Electroluminescence (EL), Current-Voltage (I-V) characteristics and guided-
wave optoelectronic measurements have been employed to study the high energy ion 
implantation enhanced intermixing (HE-EEI) of QWs, oxygen implant isolation and 
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optical switches characteristics. Y-junction optical switches (Y-JOS) have been 
successfully fabricated and demonstrated at the first time using InP based MQW laser 
structure by HE-EEI and a simple self-aligned ridged waveguide technology. 
Preliminary results for the optical switch characteristics are obtained and discussed. 
5.1 High Energy Ion Implantation Enhanced Intermixing of 
Quantum Wells 
5.1.1 High energy ion implantation 
P+ implantation at 2 MeV with a dose of 9xlO^^cm'^ is performed using the same 1.7 
MeV Tandem Accelerator at the Beijing Normal University which we used before 
[Han94a,Han95a,Han95b]. The implantation is conducted at room temperature with a 
flux of -100 nA. The wafers are fixed on a target which mechanically scanned 
during implantation, so a ring shaped implant region with a inner radius of 2.5 cm 
and outer radius of 6 cm is obtained. Samples are divided into three categories, the 
first one is for PL measurements, the second one is for fabrication of broad area 
lasers, and the third one is for the fabrication of optical switches. The former two 
kind of samples are half shielded using 10-^m-thick Aluminum foil during high 
energy ion implantation, the non-implanted region is used as the control sample with 
respect to the implanted region. For samples which are prepared for fabricating Y-
junction optical switches, -1.2-^im-thick tungsten (W) film deposited on the wafers 
by sputtering is used as mask for selective implantation. The advantage in using 
phosphorus ions as implantation species is that no additional impurities or dopant are 
introduced in the structure. The implantation energy is so designed that the peak of 
the lattice vacancies induced by ion implantation is just in the vicinity of the QW 
region near the surface side in order to achieve efficient intermixing of the wells and 
barriers. Ion range and vacancies distributions of the group EI and the group V atoms 
for GaAs and InP based material are simulated by using TREV195 [Zieg85] and 
shown in Fig. 5.1. 
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Fig. 5.1 Ion range and vacancy distributions, calculated by TREV195 for 2 MeV/9X10^^ 
cm-2 P+ implantation in (a) InGaAs/GaAs single QW structure; (b) InGaAsy^nGaAsP/LiP 
4-QW structure. The dotted lines indicate the depth of the QWs. 
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5.1.2 Rapid thermal annealing 
After high energy P+ implantation, samples prepared for PL measurements and 
fabricating broad area lasers are then annealed in a N2 atmosphere using a halogen 
lamp rapid thermal annealing (RTA) system. The sample surface is protected from 
decomposition during the anneals by facing the samples down to a large pieces of 
surface-polished LiP (for LiP based wafer) or GaAs material (for GaAs based wafer). 
The RTA promotes both compositional intermixing of the QWs and removes 
nonradiative recombination sites. 
The annealing conditions and the correspond samples are listed in Table 5.1. 
The Anneal I and Anneal H are optimized annealing conditions for activating n-type 
implant dopant in LiP and GaAs respectively, which have a larger annealing intensity 
than that for activating p-type implant dopant in relevant material. A two-probe 
method [Gard85] is employed to monitor the annealing. It is found that for the 
implanted SI-InP test samples, after annealing under condition Anneal I，the 
breakdown voltage is greater than 200V with a leakage current less than 1 jjA, which 
is the same as the non-implanted samples. For the implanted InP based structure, the 
breakdown properties can be restored to its original one, i.e. a 4-5V breakdown 
voltage with leakage current smaller than 1 \iA after the same annealing condition. It 
indicates that the electrical properties of the intermixed QW structures is not 
seriously degraded after high energy P+ implantation enhanced intermixing. Similar 
results have also been obtained for SI-GaAs test samples and GaAs based structure 
using Anneal E and HI. 
Reference [Seo85,Lee90] have reported that two-step RTA technique can 
optimize both the activation of the implant dopant and remove the implantation 
induced defects, we have applied its principle in Anneal m in HE-EEI process. After 























































































































































































































































































































































































































































































































































The shift in peak energy of room temperature photoluminescence (PL) from the QW 
is used to monitor the degree of QW intermixing. Because the bandgap of the 
InGaAs cap layer correspond a wavelength which is around that of the PL 
luminescence of the MQW, it may absorb the weak luminescence signal, GaAs cap 
layer and the thick LiP or AlGaAs cladding layer may also absorb the exciting Argon 
laser, therefore, before PL measurement, the LiP based samples are selectively etched 
by HCl:H2O=4:l (Etchant A, for 10s at RT), H2SO4:H2O2: H2O =3:1:1 (Etchant B, 
for 30s at RT) and Etchant A (for 40s at RT) alternately to remove the InP, LiGaAs 
and LiP layers respectively, stop at 1.28Q layer in order to decrease the absorption. 
Similarly, the GaAs based wafers are etched by H2SO4:H2O2:H2O=5:l:l (Etchant C) 
for 2 7 s � t h e thickness of the removed layer for the later case is -500 nm. PL 
measurements are performed at room temperature and the samples are excited by the 
514.5 nm line from an argon ion laser. The luminescence is dispersed in a grating 
spectrometer and detected using a germanium detector cooled by liquid Nitrogen. 
The dependence of PL intensity signal on wavelength is obtained by a x-y recorder. 
PL spectroscopy is a very sensitive tool for measuring the change in the bandgap due 
to the shape and composition changes of a QW upon intermixing. The integrated PL 
intensity is strongly influenced by non-radiative recombination sites left by the 
implantation and not removed by the annealing, reflects the crystalline quality of the 
material after the intermixing. 
Fig. 5.2 shows the PL experimental results for both GaAs and JnP based 
structure. The PL intensity, which is normalized to the excited power of the argon 
laser, is re-printed from the record. For GaAs based structure, it is found that the 
control samples PB20 (non-implanted+annealing samples) demonstrated only 1 nm 
blue shift of PL peak with slightly change in PL spectra compared to the as grown 
samples (PBOO). The QW PL peak is very weak and broad for the intermixed 
structure (PB21 and PB31). For the later case, similar result has also been reported by 
Poole et al [Pool95] for 2-4 MeV As+ implantation enhanced intermixing of a 
similar GBON-SCH GaAsAnGaAs laser structure. Li contrast to Poole et al's result 
that no blue shift was observed, a large shift upward in energy (54 nm blue shift 
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Fig. 5.2 Room temperature Photoluminescence (PL) spectra from (a) GaAs based 
structure and from (b) LiP based structure (Refer to Table 5.1-5.2). The QW peak 
intensity is normalized to the excited power of the argon laser 
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in PL peak) is found in this thesis. On the other hand, due to the optimizing processes 
for both the interdiffusion of group DI atoms and restoration of crystal damage, the 
two-step annealing condition (Anneal HT) achieves a slight larger blue shift and 
smaller FWHM than that of the conventional single-step anneal (Anneal E). The 
resonable explanation is that ion implantation enhanced intermixing process is 
strongly dependent on the vacancies induced by ion implantation, the first low 
temperature and long time anneal in anneal HI may keep those vacancies in a longer 
time, thus a relative large interdiffusion constant for group EI atoms in longer time is 
realized (in contrast, conventional single-step high temperature annealing has a larger 
diffusion constant in a shorter time). The second high temperature and short time 
annealing is used to remove the crystal damage and activate the dopants which may 
leave the lattice sites due to ion implantation disordering. According to our past 
experience, for post-implant RTA at temperature range from 800°C-1000°C, higher 
temperature with shorter time annealing is superior to remove crystal damage and 
activate dopant compared to a lower temperature with longer time annealing in 
GaAs. Therefore, Anneal HI may achieve a comparative intermixing process and a 
better quality of material compared to Anneal II. 
For LiP based structure, PL peak shift as large as 132 nm has been 
demonstrate in the intermixed QW structure (PA11) with respect to the correspond as 
grown material (PAOO). It is found that the control samples PA10 (non-
implanted+annealing samples) demonstrated 5 nm PL peak blue shift with greater 
intensity and narrower PL spectra than that of as grown samples (PAOO). This means 
that RTA is probably responsible for the annihilation of the nonradiative centers in 
the active layers of the as grown material. Similar improvement in the optical quality 
for InGaAs/GaAs strained QW material after RTA has been reported in literature 
[Koth88,Yama91]. However, this may be not a general case and probably dependent 




Some samples are used to fabricate broad area lasers according to the fabrication 
process flow in Section 4.5.1. They are cleaved to 300-700 \im long and 150-200 ^m 
wide, and are tested at room temperature using pulse current injection (1 \is pulse at a 
repetition rate of 1 kHz). It is found that all the control samples lase, the minimum 
threshold current density for the GaAs based structure (LB30) with a length of 595 
M-m, is about 292 A/cm^, compared to the as grown sample of 200-300 A/cm^, the 
LiP based structure (LA10) with a similar length is about 570A/cm^，which is better 
than the as grown sample of -1000 A/cm^. Those results indicate that for the material 
and experimental condition we used, the RTA just slightly alter the optical quality of 
the GaAs based structure, improvement in optical quality for the LiP based structure 
is observed. This is in accordance with the PL results. However, coherent emission 
has not been observed for all the intermixed QW structure at the same measurement 
condition. 
Electroluminescence (EL) measurement is also performed at room 
temperature and continue wave (CW) condition for the t i P based structure we used. 
The electrical induced luminescence is coupled into a fiber by a fiber microlens and 
analyzed by HP spectrum analyzer. The samples are hold on an Aluminum heat sink, 
in order to decrease temperature effect, the injection current is set to a small level. 
Fig. 5.3 shows the EL spectrum for the control sample of JnP based structure LA10, 
its EL peak in red shift with the injection current density is shown in Fig. 5.4. It is 
found that the EL peak of the LiP based structure used in this study is around 入=1604 
nm. 
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Summary is given in Table 5.2 for the PL measurement results. We have 
shown that HE-HEI is an effective QW intermixing technique which can be used to 
tune the bandgap of a QW structure. Li application of selective intermixing in 
selected area, usually, large and controllable blueshift in intermixed QW is desired, 
while in the un-wanted intermixing QW region, the better the bandgap change is 
smaller. In this study, only 1 nm blue shift for GaAs and 5 nm blue shift for LiP 
based control sample (i.e. non-implanted+annealing) structure have been observed 
with respect to the as grown sample. As far as we know, this is the smallest bandgap 
change ever reported in literature for the non-intermixed QW region in the same 
single wafer which record large blue shift of the bandgap change has been achieved 
in the intermixed QW region, therefore, HE-HEI is benefit to apply in selective 
intermixing in selected area for a QWs structure. As discussed in Section 4.1，the 
mechanisms for QW intermixing in InGaAs/GaAs and InGaAs(P)AnP are different, 
atoms exchange across the barrier and well takes place through group EI vacancies in 
the former case and mainly through group V atoms interdiffusion in the later case. 
Therefore, the group V element decomposition from the surface of the wafer, a 
significant and inevitable effect occurs in high temperature annealing of EI-V 
compound semiconductor material, have different deleterious effects on QW 
intermixing. Decomposition of As from surface for InGaAs/GaAs structure leads to 
increase group V vacancies thus decrease group EI vacancies, resulting in decrease of 
QW intermixing or blue shift of the bandgap in both implanted and non-implanted 
region. Li contrast, as for InGaAs/InGaAsP/InP structure which has a 40-nm thick 
LiP cap layer (refer to Section 4.5), decomposition of P from surface may increase 
interdiffusion of the group V atoms, leads to increase of blue shift of the bandgap in 
both non-implanted and implanted region. However, RTA with the samples facing 
down to a piece of surface-polished GaAs, LiP or even a Si material can effectively 
decrease the group V element decomposition from the surface of the wafer. The very 
small bandgap tuning for the control samples observed in this thesis may arise from 
the nominal decomposition of the surface, both few group EI and few group V 
vacancies are induced in the non-implanted region during RTA. 
Blue shift in PL peak as large as 132 nm for LiP based structure and 54 nm 
for GaAs based structure have been achieved in this study. As far as we know, the 
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132 nm blue shift in PL peak is the largest blue shift of a intermixed MQW by HEI 
technology ever reported in literature. The large blue shift may attribute to large 
amount of vacancies near the QW region introduced by high energy ion implantation, 
dramatic intermixing between well and barrier occurs during subsequent annealing. 
Unfortunately, Ion implantation induced damage also results in a degradation of the 
material quality, that is why lasing is not observed in all the intermixed material, and 
all the intermixed samples show an increase of the PL linewidth and decrease of PL 
intensity. By optimizing the implantation and annealing condition, for example, high 
energy P+ implantation is carried out at elevated temperature, reduce the implantation 
energy and/or dose, optimizing annealing condition, high quality can be retained for 
the intermixed QW material while an adequate large blue shift can be achieved 
[Pool96], [Char95a]. 
5.4 Current-Voltage characteristics 
The I-V characteristics of the p-n junction for a laser material is an essential 
parameter reflecting its electrical quality. HP4145B semiconductor parameter 
analyzer is employed to measure the I-V characteristics of the p-n junction for both 
LiP and GaAs based intermixed and non-intermixed QW structure (The samples are 
these broad area lasers). The results are presented in Fig. 5.5 and Fig. 5.6. It is 
evident that leakage current become large and reverse breakdown voltage become 
small for both InP and GaAs based intermixed QW structure with respect to the non-
intermixed ones, indicating that degradation of p-n junction occurs for the intermixed 
QW structure. From Fig. 5.6 we can see that ample LB31 achieves a better I-V 
characteristics than the single-step annealed sample LB21, indicating the better 
material quality of the two-step annealed samples, which is consistent with the PL 
result in Fig. 5.2a. 
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5.5 Guided-Wave Optoelectronic Measurement 
5.5.1 Setup of the measurement 
The polarization resolved transmission characteristics for both non-intermixed and 
intermixed LiP based structures as optical waveguides are studied. Li waveguide and 
optical switch characterization experiments, it is required that light is coupled into 
the devices and the transmitted light is measured. An implementation, called the end-
butt coupling which light is butt coupled to waveguide through a fiber lens is 
employed in this study and is shown in Fig. 5.7. The sample is held on a 4-axis 
sample holder (Photon control) which is grounded. A probe, connected to a DC 
power supply or pulse generator contact to the top electrode pad of the tested devices 
if necessary. HP8168A is employed as the laser source, its wavelength can be tuned 
between 1450 nm to 1576 nm and its optical output is obtained through a fiber cable. 
The light power is measured by Newport modal 835 laser pico-watt digital power 
meter at room temperature. Light from the tunable laser is first pass through a 
polarization controller, thus linearly polarized light is obtained. It is then coupled into 
the slab waveguide by a fiber lens which is fixed on a micropositioner. The output 
light from the waveguide is collected by a 20x objective lens on a 5-axis micro-
positioner (Newport) and pass through a pinhole and a polarizer, finally the light is 






















































































































































































































5.5.2 Measurement of absorption loss for the blue-shifted QW 
structure 
The transmitted light intensity from the non-intermixed (I) and intermixed (F) MQW 
waveguide can be expressed as 
/ = kI^e-^ (5.1) 
r=k，Ioe_a'L (5.2) 
where k and k' are coefficient factor reflecting coupling losses, >^ is input light 
intensity, a and a ' are optical losses coefficient for non-intermixed and intermixed 
MQW structures, respectively, L is the length of the waveguides which are 
approximately equal to each other in this thesis. If we ignore the difference of 
coupling losses between k and k' , then 
-=广《"")【 (5.3) 
r 
if we know the transmitted light intensity and the length of the intermixed and non-
intermixed MQW waveguide structure, the reduction of optical losses coefficient can 
be approximately given by 
Aa = a ' - a = —In— (5.4) 
L T 
Fig. 5.8 shows the blue shift of the absorption edge and reduction in optical 
losses for the intermixed MQW waveguide structure relative to the non-intermixed 
one. Because the absorption edge for the non-intermixed structure is beyond the 
wavelength range of the tunable laser (1450-1576 nm), its absorption edge is not 
observed. The reduction of optical loss coefficient is 55.9 cm] (242.8 dB/cm) for TE 
mode and 27.4 cm'^ (119 dB/cm) for TM mode at A,=1576 nm. The ripple of the 
transmitted light in the long wavelength region reflects the Fabry-Perot interference 
effect, which become noticeable when the optical losses are small. Although ignoring 
the difference of coupling losses between end-butt coupling to intermixing and non-
intermixing structure may cause errors in above estimation, it can be decreased to 
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minimum by fine adjusting the couplings, the numerical level of above estimation 
should be reliable. 
It should be noted that because the polarization direction of the light from the 
tunable laser through fiber is dependent on wavelength sensitively, in all the 
polarization resolved transition measurement, after setting each wavelength step the 
polarization controller has to be re-adjusted so that the polarization direction of 
output light maintains unchanged. The method is to adjust polarization controller to 
maintain light intensity from the waveguide and passing through the polarizer to be 
always maximum. 
5.5.3 Optical losses measurement by Fabry-Perot interference 
method 
The optical losses in slab waveguide with the bandgap shifted QW structure are 
evaluated based on Fabry-Perot interference technique [Kapo87]. The relative 
transmission of such a FP waveguide is given by 
_ = (!";^)2r^ (5.5) 
( l - / ? ) ' + 4 / ? s i n ' 0 
where L is the waveguide length, a is field attenuation factor, R is the facet power 
� 2un^ffL 
reflectivity, R =Rexp(-ocL) and 0 = ~~^^^，X is the wavelength, neff is effective 
\ 
mode index. The transmission function T is periodic in 中 and the contrast of the 
transmission oscillation is given by 
V 一 m^ax m^in 2/? 
A = — = ^ (5.6) 
V a x + ^ m i n 1 + R 
By using (5.6), we obtain 
ln[(l — y / l - K ^ ) / K] = ln R — aL (5.7) 
Eq. (5.7) shows that a measurement of the transmission fringe contrast K can yield 
the loss coefficient a if R and L are known. Jn general, the reflectivity R for a guided 
mode can be significant different than the plane wave Fresnel reflectivity (for normal 
incidence) R=(nefrl)^/(nefffl)^ [Kapo87]. However, if oL is large, the experimental 
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relative error of oc arise from Fresnel ‘s equation will be small according to Eq.(5.7). 
In this thesis, the length of the waveguides L is about 700 ^im and Fresnel's equation 
to calculate reflectivity R is used. Dependence of normalized transmitted light 
intensity for both TE and TM mode on scanned wavelength for the intermixed LiP 
based structure is shown in Fig. 5.9 together with the theoretical fitting curves which 
are determined by Eq. (5.5). For TE mode, the results for theoretical fitting is 
n=3.236, cx=10 cm] (43 dB/cm); For TM mode, n=3.225, o=14 cm ^ (61 dB/cm). It 
is worth to note that although the absorption losses for TE mode is much greater than 
that for TM mode for the QW intermixed LiP based structure in the bandgap 
absorption region (refer to Fig. 5.8), at long wavelength region, such as X=1574-
1576 nm, the bandgap absorption due to band-to-band transition for both TE and TM 
mode is small. The smaller optical confinement for TM mode behave a larger loss 
than that for TE mode. The measured losses are not nominal values, most of them are 
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5.5.4 Electroabsorption peak shift in IIEI wafer 
The electro-absorption characteristics for the above intermixed LiP based MQW 
waveguide structure are also investigated, the results are presented in Fig. 5.10. It is 
evident that the reverse-bias 2.8 V voltage, considering thickness of unintentionally 
doped layers sandwiched between the heavy doped cladding layer is 250 nm, or 110 
kV/cm electrical field push the energy level of the blue-shifted QW structure back to 
its original non-intermixed level. Analytical calculation shows that an enhancement 
of the electro-absorption effect for the intermixed AlGaAs/GaAs QW structure 
[Li93] and nearly equal Stark shifts of heavy- and light-hole transition is expected 
[Seid93]. The former case is benefit to reduce interaction length for an electro-
absorption modulator and the later case is benefit to achieve polarization independent 
modulators [Li93,Seid93]. Since the absorption edge for the non-intermixed QW 
structure in this study is beyond the range of the tunable laser source, we can not 
compare the absorption coefficient change for intermixed and non-intermixed QW 
structure due to field induced Stark effect. Thus we can not give a verification for Li 
et al's prophecy[Li93]. However, our experimental results (refer to Fig. 5.10) doesn't 
support Seidel's prediction [Seid93], that means generally speaking, the intermixed 
QW structures have not to behave a polarization independent quantum confined 
Stark effect. 
5.6 Oxygen Implant Isolation 
Li order to decrease the injection current spreading for the optical amplifier in “on，， 
state and isolate active region from each other, oxygen implantation is carried out for 
the passive waveguide region of the proposed optical switch. Double charge 0++ 
implantation is performed at an equivalent energy and dose of 60 KeV, 1x10^^ cm '^  
+150 KeV, lxlOi3 cm "^  +300 KeV, 1x10^^ cm _2 +600 KeV, 1x10^^ cm -^  +1000 
KeV, 5xlOi2cm "1 
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Fig. 5.10 Polarized light electro-absorption spectra for the intermixed MQW 
waveguide structure with a length of -595 ^im. (a) for TE mode; (b) for TM mode. 
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The resistance of the oxygen implanted samples are examined by the two-
probe method [Gard85] qualitatively. It is found that the resistance for the oxygen 
implanted GaAs based structure is much greater than that for the LiP based structure 
according to the above oxygen implant condition. The resistance can be optimized to 
maximum for the GaAs based structure under a subsequent low temperature 
annealing. However, for LiP based structure, the as implanted material has a higher 
resistance, subsequent annealing will degrade the isolation. For example, for the as 
implanted hiP based structure which the 40nm-thick t i P and p+-InGaAs cap layer are 
etched away before oxygen implantation, the current is 0.1 mA for a 43V voltage 
across the two probes or the isolation is expressed as (43V�0 .1 mA), after annealing 
at 550°C/4s+5s (rising time from room temperature to 550°C is 4 seconds and last 5 
seconds), the isolation becomes (28V, 0.1 mA) at the same separation for the two 
probes, and higher or longer annealing would cause a more larger degradation of the 
isolation. However, for the GaAs based structure which the p+-GaAs cap layer was 
etched away before oxygen implantation, the isolation for the as-implanted sample is 
(60V, 0.1 mA), after annealing at 600°C/4s+5s RTA, the isolation reached to the 
maximum value of (lOOV, O.lmA). Li the fabrication of the optical switches in this 
study, in order to reduce optical absorption caused by oxygen implantation induced 
defects, a post-implant annealing at 550°C/4s+5s has been carried out. 
5.7 Characteristics of Optical Switches 
5.7.1 Current-Voltage characteristics 
The Current-Voltage (I-V) characteristics measurement, which is the same as that 
used to monitor the electrical quality of the p-n junction of the intermixed and non-
intermixed broad area lasers in Section 5.4，has been employed to check the p-n 
junction and electrical isolation of the fabricated optical switches. Fig. 5.11 shows 
the I-V characteristics of the p-n junction for one of the two optical 
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amplifiers/absorbers. Although the wafer has been undergone complicated 
fabrication process, some of them (e.g QW intermixing, Oxygen implant isolation, 
ridged waveguide etching and high temperature annealing) may be harmful to the 
electrical properties of the active region, it seems that the electrical quality is not 
degraded compared to LA10, non-intermixed control sample which has been just 
undergone a simple broad area laser fabrication process (refer to Fig. 5.5). The 
oxygen implant isolation can also be checked by measuring I-V characteristics 
between the two amplifiers/absorber for the switches. The result is shown in Fig. 
5.12. When the polary of the bias voltage is reversed, the results is almost the same. 
It should be noted although the two amplifier/absorber are isolated by Oxygen 
implantation laterally, they are electrically connected by the n-type substrate, or they 
are exactly two back-to-back pin diodes (refer to Fig. 1.6)，therefore the I-V 
characteristics between them should behave to a symmetric reverse breakdown 
feature of a pin junction. Compared Fig. 5.11 to Fig. 5.12, it is roughly found that the 
Oxygen implant isolation and ridge waveguide etching have achieved a good 
electrical isolation in the optical switches according to the fabrication process flow in 
Section 5.5.2 since large leakage current is not observed to decrease the breakdown 
voltage or enlarge the leakage current of the reverse bias back-to-back pin junctions. 
5.7.2 Optical mode and transmission characteristics 
Single mode operation is highly desired for optical switches in a practical fiber 
optical communication system. The far field patterns and their correspond 3-D 
relative intensity profiles of the fabricated optical switches are employed to 
investigate the optical mode characteristics for the optical switches by a computer 
controlled infrared camera system The setup for the measurement is the same as that 
described in Section 5.5, and the results are shown in Fig. 5.13. Limited by the 8-bit 
analog to digital adapter of the infrared camera system, only 2^=256 levels can be 
used to scale the light intensity. We can see clearly that with the increase of 
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Fig. 5.11 I-V characteristics of the p-n junction for one of the two 
amplifiers/absorbers of the fabricated Y-junction optical switches 
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Fig. 5.12 I-V characteristics between two amplifiers/absorbers for the fabricated Y-
junction optical switches 2-25 
sensitivity of the infrared camera from (a) to (c), the amplitude of the two output 
mode increase and then saturate, at the same time the side modes and leakage light 
from the substrate appear. It is found that the optical side modes is less than -24 dB 
(i.e. 1/256), thus the feasibility of the self-aligned ridged waveguide technology and 
the optical waveguide structure of the fabricated switch is verified. 
The transmission spectra from one output branch of the Y-junction optical 
switch is shown in Fig. 5.14. The transmitted light intensity over impute light 
intensity is -32.2 dB for TE mode and -23.8 dB for TM mode at X,=1576 nm. As 
discussed in Section 5.5.2, reduction of absorption coefficient as large as 242.8 
dB/cm for TE mode and 119 dB/cm for TM mode at ^=1576 nm has been achieved 
for the intermixed LiP based QW structure with respect to the non-intermixed one, 
and the field attenuator for the intermixed structure is estimated to be -43 dB/cm for 
TM mode and -61 dB/cm for TE mode (intensity attenuator for TM and TE mode are 
-86 dB/cm and -122 dB/cm respectively), or the intensity attenuation coefficient in 
the non-intermixed region is -364.8 dB/cm for TE mode and -205 dB/cm for TM 
mode. Therefore, the intensity attenuation for the 520 ^m long active region is about 
-19 dB for TE mode and -10.7 dB for TM mode. As for the 495 \im long passive 
waveguide, the intensity attenuation is -6 dB for TE mode or -4.3 dB for TM mode. 
Considering the 3 dB Y-junction power splitting loss and estimated -4dB impute and 
output coupling losses, the total intensity attenuation for TE mode is about -32.0 dB 
and for TM mode is about -22.0 dB. They are very close to the experimental results 
of -32.2 dB for TE mode and -23.8 dB for TM mode. However, the Y-JOS is 
fabricated by a more complicated fabrication process, its passive waveguide is 
conducted oxygen isolation implant, excess optical losses are introduced. Excess 
optical losses such as bend loss, scattering loss are not included in above estimation 
based on experimental results of broad area lasers, it still results in a under-
estimation. The summary of the transmission losses for one output branch of the 
fabricated Y-JOS is listed in Table 5.3. We can conclude from the light transmission 
measurment and above analysis that the estimation for the light attenuation 
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Fig. 5.13 Far field pattems and its 3-D relative intensity profiles for the self aligned ridged 
waveguide structure of the fabricated Y-junction optical switches. From (a) to (c), the 
sensitivity of the infrared camera is increased. The operating wavelength is 1576 nm. 
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Fig. 5.14 Transmission spectra for the fabricated Y junction optical switches, (a) for 
TE mode; (b) for TM mode. 
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5.7.3 Switch characteristics 
The setup for the measurement is the same as that described in Section 5.5 and is 
shown in Fig. 5.7. The characteristics of the fabricated Y-JOS in the “on，，state is 
measured according to following steps: 
(1) Adjust tunable laser to set wavelength and output power. Zero check and null the 
background measurement are done for the Newport 835 power meter before the 
measurement; 
(2)Adjust the position of the pinhole, let the transmitted light from only one output 
branch is detected by power meter; Adjust polarization controller to set a TE or TM 
mode; 
(3) Measure the input light power Pi and the transmitted light power Po from the 
selected output branch without bias on the optical amplifier gate. The insertion loss 
p 
without injection current L � = lOlog—， 
Pi 
(4) Measure amplified spontaneous emission power Pasp at pulse current injection 
with a pulse width of 0.1 ms and repetition rate of 1kHz when no incoming light is 
imputed to the switch, 
(5) Measure the transmitted light power from the optical switch operated at the same 
impute light as step (3) and the same pulse current injection as step (4). The obtained 
power is Pj , 
(6) Calculate pulse signal power P from the net average power Pave =Px-Pasp by using 
pulse width tw and period T 
P = ^ [ T P a . a - i T - t J P , ] (5.8) 
^w 
(7) Insertion loss with current injection is given by 
L = \OLog— (5.9) 
Pi 
Similarly, for the “off，state of the switch, the insertion loss can be measured as 
following steps: 
(1)-(3) are same steps as that for "on" state, 
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(4) Measure the transmitted light power P when a reverse biased voltage is biased on 
the gate; 
(5) The insertion loss at reverse voltage bias is determined by 
L = XOLog- (5.10) 
Pi 
The switching characteristics such as insertion losses, extinction ratio and 
crosstalk for the 1x2 Y junction optical switch are listed in Table 5.4. where 
extinction ratio is defined as transmitted light intensity in “on，，state over that in “off， 
state for the same output branch, crosstalk is defined as transmitted light intensity in 
‘‘off，state for another output branch over that in ‘‘on，，state for the concerned branch. 
Loss is defined as transmitted light intensity over impute light intensity. 
Table 5.3 TRANSMISSION LOSSES FOR THE FABRICATED Y-JOS 
TE TM 
Average Total 
Losses by -32.2 -23.8 
Experiment (dB) 
495 jLUn long 520 ^im long Splitting 
passive waveguide active waveguide & Total 
TE TM TE TM coupling TE TM 
Losses by 


























































































































































































































































































































































































































































































Compared with laser amplifier gate switches reported in literature [Jans92, Gust92], 
our proposed Y-JOS has distinguished advantages of very simple fabrication process. 
For example, main fabrication process flow for Janson et al's switches [Jans92] are 
as follow: 
(1) MOVPE (Metal Organic Vapor Phase Epitaxy) 0.2 ^m thick passive waveguide, 
an etch-stop layer and a 0.15 ^,m thick active layer; The bandgap of the active 
waveguide layer and the active layer correspond to 1.3 ^m and 1.55 |xm� 
respectively; 
(2) The waveguide pattem was defined by Rffi and the active layer outside active 
region was removed by selective wet etching; 
(3) Selectively overgrown by MOVPE with semi-insulating InP; 
(4) Zn doped InP and GaInAs contact layers were grown; 
(5) The contact layers outside the contacts were removed by Rffi; 
It is obviously that the complicated regrowth technology has to be employed for two 
times. 
Li contrast, main fabrication process flow, given in Section 4.5.2 in this work are 
much more simple: 
(1) MOCVD whole layer structure of the switch; 
(2) HE-HEI passive waveguide region; 
(3) Oxygen isolation implant; 
(4) Self-aligned ridged waveguide formation; 
Further simplicity of the fabrication process is suggested in Section 7.2 by 
combining HE-HEI with isolation implant into one step. 
Li reference [Jans92, Gust92], although the absorption loss for the passive 
waveguide can be made very small with a larger degree of freedom by regrowing a 
wider bandgap material, however, there is a large mismatching between the passive 
and active layers in the growth direction, resulting in large coupling loss. Net chip 
gain has not been realized in 2x2 InGaAsP/InP laser amplifier gate switch arrays 
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which optical signal pass one laser amplifier and two Y branches [Jans92], but 
achieved in a similar 4x4 switches arrays which optical signal traveling through three 
laser amplifiers (include two booster amplifier and one switch gate) and four Y 
branches [Gust92]. Li this work, although HE-HEI technology for passive waveguide 
formation eliminate the coupling problem between active and passive waveguide, 
very thin MQW active layer results in a larger end-butt coupling loss, and the 
intensity attenuation for the intermixed passive waveguide is large (-86 dB/cm for 
TM mode and -122 dB/cm for TE mode), as illustrated in Table 5.4, there are about 
24 dB loss for TM mode lightwave and about 32dB loss for TE mode lightwave 
respectively in our optical switches. On the other hand, the wavelength of the 
operating light is 1576 nm which is the instrument limit and is far away from the gain 
peak (around 1580 nm as shown in Fig. 5.2b) due to unsuitable material is used in 
this thesis, overall chip gain has not yet been realized. Furthermore, a strong 
polarization dependent performance is observed in our optical switches due to the 
polarization dependent MQW structure is used. 
Although the preliminary results of the optical switch characteristics are ready 
to be improved, and the fabrication technology, particularly the HE-IffiI technology is 
needed to be optimized (as a matter of fact, the single mode waveguide optical losses 
of bandgap shifted laser structure has been reported to be 17 dB/cm [Char95]), we 
believe that this switch structure has a potential to be used in a large scale photonic 
switching system where low crosstalk and operating current, simple structure and 
fabrication process are critical requirements, and the HE-HEI technology is a 
promising alternative to fabricate OEIC, PIC and large scale optical switching fabries 
in the future. 
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Chapter 6 
Conclusion and Future Studies 
• Conclusion 
• Topics for Future Studies 
6.1 Conclusion 
The thesis is divided into four major parts. The first is on a general description of current 
situation for space-division optical switches, which includes their problems encounted 
and the solution we proposed. The second discusses the theoretical calculation of band 
lineup and gain for strained InGaAs(P)y^nP heterostructure in polarization insensitive 
optical gain point of view, including the design of the proposed Y-junction optical 
switches (Y-JOS); The third explores the fabrication technology, especially high energy 
ion implantation enhanced intermixing (HE-HEI) of QWs and self-aligned ridged 
waveguide technology. The fourth is on the experimental results, particularly on the HE-
UEl technology and switch characteristics of the fabricated optical switches. 
6.1.1 The major contributions to the Y-JOS 
We have proposed a polarization insensitive lossless Y-junction optical switch (Y-JOS) 
based on strained multiple quantum well (MQW) laser amplifier gates. The basic 
structure of the proposed 1x2 space-division optical switches consists a passive Y-
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junction waveguide with laser amplifier gates on its two output branches. Its new 
features include: 
• MQW structure is used in the active region instead of the bulk active layer; 
• Tailored compressive- and tensile-strained MQW structure are proposed to be 
combined at the single active region of the optical switches, the polarization 
independence can be achieved without degradation of the other performances; 
• HE-EEI of the QW technology is used to fabricate the passive waveguide in 
conjunction with optical amplifiers; 
• The “off’ gate is slightly reverse biased and may operate as a waveguide detector, thus 
the switch has built-in detection capability. 
The main advantages of the proposed Y-JOS include 
• wide bandwidth; 
• polarization independence 
• large gain saturated power, high operating speed, low noise performance and low 
operating current; 
• easy fabrication and integration with other optoelectronic devices 
We have achieved for the first time a successful fabrication and operation of Y-
JOS using HE-EEI to fabricate the low loss passive waveguide and a simple self-aligned 
ridged waveguide technology with LiP based MQW Laser structure. An extinction ratio 
better than 18.27 dB for TE mode and 8.65 dB for TM mode, crosstalk better than 
-18.33 dB for TE mode and -8.46 dB for TM mode have been demonstrated. The major 
achievement in this area is on the fabrication process which is very simple and easy to 
control due to the use of HE-EEI and the simple self-aligned ridged waveguide 
technology. 
Another achievement is on a new self-aligned ridged waveguide technology. The 
new technology shares most advantages of other self-aligned ridged waveguide 
technology, such as achieving a small contact resistance and capacitance of top electrode 
pads, yet reducing complexity in fabrication. 
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Because the tailored compressive- and tensile-strained MQW structure is not 
available for us, only lattice-matched separate confinement heterojunction 4-QW 
InGaAsAnGaAsPAnP laser material is used to fabricated Y-JOS in this thesis. Since the 
HE-HEI technology has not yet been optimized, the optical losses in the fabricated 
optical switches is still large, chip gain is not realized in this work. However, we believe 
that by optimizing both the material and fabrication technology, our proposed switch has 
a potential to be used in large scale photonic switching systems where low crosstalk and 
operating currents, simple structure and fabrication process are critical requirements. 
6.1.2 The major contribution to the bandgap engineering for 
InGaAs(p)AnP heterostructure 
Numerical results based om both Ishikawa et al's and Krijn's scheme to calculate band 
lineup of InGaAs(p)/InP heterostructure are compared with experimental data for a 
polarization insensitive gain medium along with a gain calculation mode set up in this 
thesis, we reveal that the errors are quite large. Li contrast to Ishikawa et al's and Krijn's 
calculation of band lineup, effective electron and hole masses, in which all the 
parameters of the quaternary compound are derived by interpolation from binary or 
tenary compound that consists the quaternary alloys, we use emirical equations which are 
verified indirectly by experimental results in first priority in this study, only those 
parameters of the quaternary compound which have not such known emirical equations 
are calculated by interpolation based on Krijn's scheme. This approach may sacrify the 
systematical feature, however, we believe the results may be more reliable. We show that 
for quaternary InGaAsP material which is most useful in optical fiber communication, it 
can always be decomposed into Lii-xGaxAs and InP, thus any relevant bulk material 
parameter of LiP and Lii.xGaxAs can be possiblely used to predict the same material 
parameter of the quaternary alloy. It is shown that numerical results based on the band 
lineup and optical gain calculation model in this thesis are consistent with the published 
experimental data for a polarization insensitive gain medium containing tailored 
compressive and tensile strained QWs, and such a polarization insensitive gain medium 
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also exhibit polarization insensitive absorption due to band to band transition. We 
believe that our band lineup calculation scheme is useful in the design of advanced 
optoelectronic devices such as polarization insensitive modulator, semiconductor optical 
amplifier (SOA) and optical switches. 
6.1.3 The major contributions to the HE-IIEI technology 
We have shown that HE-EEI is an effective QW intermixing technique which can be 
used to tune the bandgap of a QW structure. A record large blue shift in 
photoluminescence (PL) peak of 132 nm has been achieved for SCH 4-QW 
hiGaAs/InGaAsPAnP laser structure and 54 nm for GFON-SCH single InGaAs/GaAs 
laser structures using HE-EEI technology. As far as we know, this is the largest blue 
shift of a intermixed MQW by ion implantation enhanced intermixing technology ever 
reported in literature. Those large blue shift may attribute to directly introduce large 
amount of vacancies near the QW region by high energy ion implantation, dramatic 
intermixing between well and barrier occurs during subsequent anneal. As for the control 
samples which are not implanted but under the same annealing process, bandgap tuning 
as small as 5 nm for the LiP based and 1 nm for the GaAs based laser structures are 
observed. As far as we know, this is the smallest bandgap change ever reported in 
literature for the non-intermixed QW region in the same single wafer on which record 
large blue shift of the bandgap change has been achieved in the intermixed QW region, 
therefore, HE-EEI is benefit to apply in selective intermixing in selected area for a QWs 
structure. The very small bandgap tuning for the control samples may be arise from the 
nominal decomposition of the surface, both few group HI and few group V vacancies are 
induced in the non-implanted region during RTA. 
The reduction in band gap absorption for the LiP based laser structure has been 
investigated as a slab waveguide. For the control samples of PL peak around 1580 nm, it 
is nontransparent for optical light with wavelength of 1576 nm, the intensity attenuation 
is estimated to be -364.8 dB/cm for TE mode and -205 dB/cm for TM mode. However, 
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for its corresponding 132-nm-blue-shifted material, the intensity attenuation is decreased 
to-122 dB/cm for TE mode and -86 dB/cm for TM mode. 
Electro-absorption characteristics has also been demonstrated in the intermixed 
structure. We revealed two-step anneal (low temperature with long time first followed by 
high temperature with short time anneal) may achieve better optical and electrical quality 
for the intermixed InGaAs/GaAs QW structure than conventional one-step anneal. 
Analysis reveals that Group V element decomposition from surface during RTA may 
increase the bandgap blue shift both in implanted and non-implanted region for LiP 
based material, in contrast, the Group V element decomposition from surface may slow 
the intermixing process and decrease the blue shift in both implanted and non-implanted 
region. 
The major achievement in this area is on the successful application of HE-EEI 
technology in the fabrication of Y-JOS for the first time, and largely decrease the 
complexity of the fabrication process. Unfortunately, the record large blue shift of the 
intermixed MQW structure is also accompanied by a degradation of both optical and 
electrical quality of the material due to the unoptimized HE-HEI technology in this 
thesis. For example, the PL intensity is reduced and FWHM become wide, the 
breakdown voltage is decreased and leakage current get larger compared to the non-
intermixed material. As seen from the review of this technology presented in section 4.1 
and the results we have obtained, we believe an optimized HE-HEI technology has a 
potential to be employed in the fabrication of large scale switch matrix, OEIC and PIC 
where well control and simple fabrication process are critical requirement. 
6.2 Topics for Future Studies 
6.2.1 Band lineup and optical gain calculation 
• Effective hole masses are important in the optical gain calculation. However, its 
calculation is complicated and tedious [Zory93]. Li this study, we just used existed 
data in the publications, this greatly limited the degree of freedom to optimize the 
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design of the relevant optoelectronic devices. We'd better have our own calculation 
code so that we can optimize the design of the optical switch more conveniently. 
• Besides InGaAs(P)AnP material system, the other material candidate for 1 .3�1.5 |LUn 
optoelectronic devices is (Al)InGaAsAnP heterostructure. It has attracted much 
attention due to its large conduction band discontinuity (AEc=0.72 AEg，compared to 
AEc=0.4 AEg for InGaAs(P)/InP), thus has advantage of large electron confinement, 
alleviating the hole capture problem, improve temperature performance 
[Hawd93,Kasu91 ,Mond92]. Furthermore, it can be grown by both MBE and MOCVD, 
and grade index separate confinement heterostructure (GRE^I-SCH) can be easily 
realized. The principle of bandgap engineering for InGaAs(P)/InP introduced in this 
study can be applied to (Al)InGaAs/InP material system. 
6.2.2 Optimization ofHE-IIEI technology 
• As though very large blue shift (132 nm) in PL peak has been obtained for high energy 
P+ implantation enhanced interdiffusion of SCH InGaAs/InGaAsP/InP 4-QW structure, 
the degradation of the intermixed MQW material is accompanied. Further optimization 
has to be made for the implantation and subsequent annealing process, such as 
decrease the implantation energy and/or dose, and particularly, implantation should be 
carried out at elevated temperature (e.g. 200°C) which is highly desired for retaining 
the material quality of implanted III-V compound. 
• Strained quantum well material is more and more widely used in the advanced 
optoelectronic devices. Although it has been reported that RTA improves the optical 
quality of InGaAs/GaAs strained layer superlattices in terms of optical absorption due 
to annihilation of nonradiative centers in the active layer [Koth88,Yama91 ], the long 
term stability and compatibility with high temperature processes have been questioned 
for semiconductor devices containing strained layers. Therefore, application of HE-
TTFJ technology on lattice-mismatched MQW structure will be an interesting and 
important subject to investigate in future. 
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• In purpose to fabricate low loss passive waveguide, such as the low loss passive Y 
junction waveguide in this study, it is desired to achieve QW intermixing and electrical 
isolation at the same time by ion implantation so that the fabrication process can be 
largely simplified. The MeV energy Fe+，or Co+ implants performed at 200°C n-type 
InP, and Ti+ implants into p-type LiP obtained thermally stable buried high-resistive 
layers [Rao93], it is possible to employ those ions to give high-resistive intermixed 
InGaAs(P)/InP QW structure by high energy ion implantation and subsequent 
annealing. 
6.2.3 Optimization of the Fabrication of Y-JOS 
• Future work on fabrication of lossless Y junction optical switch should use the 
polarization insensitive gain medium, or a special combination of tensile and 
compressively strained MQW as the single active region just as discussed in Chapter 1 
so that the fabricated optical switches is polarization insensitive. By optimizing the 
fabrication process, such as QW intermixing, electrical isolation of the passive 
waveguide, AR coating on facets of the device, single mode waveguide fabrication, 
and particularly, using high quality material, high performance, polarization insensitive 
lossless Y junction optical switch can be fabricated. 
• Similar to optical switch based on semiconductor optical amplifier, an optical matrix 
switch using Er-doped fiber amplifier has been reported [Sato93]. The switching 
operation controlled by a coded pump light which contains interconnection information 
as a code, thus interconnections for the optical matrix switch may be changed by 
changing the code[Sato93]. Because the “off’ amplifier gate in the Y junction optical 
switch has detection ability and has a faster response speed to the incoming light than 
the “on，，amplifier gate, it is possible to use those feature of the “off’ gate which is 
controlled by for example a p-HEMT IC [Hour95] to realize ATM operation, i.e. “on，， 
or “off，of the laser amplifier gates in switch matrix is determined by the incoming 
coded light which contain interconnection information. 
6-7 
REFERENCE 
[Adac82] Sadao Adachi, “ Refractive indices of HI-V compounds: Key properties for 
InGaAsP relevant to device design “，J. Appl. Phys., Vol.53, no.8, pp.5863-
5869, 1982. 
[Agra93a] G.P.Agrawal, and N.K.Dutta, Semiconductor Lasers, 2nd, Van Nostrand 
Reinhold, New York, 1993，p.l72. 
[Agra93b] G.P.Agrawal and N.K.Duta，Semiconductor Lasers, Chapter 11，2nd Ed., 
Van Nostrand Reinhold, New York, 1993. 
[Ande92] S.R.Andew, J.H.Marsh, M.C.Holland, and A.H.Ken, “ Quantum-well laser 
with integrated passive waveguide fabricated by neutral impurity 
disordering，，，ffiEE Photon. Techn. Lett., vol.4, pp.426-428, 1992. 
[Ayli92] S.G.Ayling, J.Beauais, and J.H.Marsh, “ Spatial control of quantum well 
intermixing in a GaAs/AlGaAs using a one-step process，，，Electron. Lett., 
Vol.28, pp.2240-2241, 1992. 
[Ayli94] S.G.Ayling, A.C.Bryce, LGontijo, J.H.Marsh and J.S.Roberts, “ A comparison 
of carbon and Zinc doping in GaAs/AlGaAs lasers bandgap-tuned by 
impurity-free vacancy disordering，，，Semicind. Sci. Technol., Vol.9, pp.2149-
2151, 1994. 
[Bast83] G.Bastard, E.E.Mendez, L.L.Chang, and L.Esaki, “ Variational calculations on 
a quantum well in the electrical field，，，Physical Review B, vol.28, pp.3241-
3245, 1983. 
[Berl95] W.V.Berlo, MJanson, L.Lundgren, A.C.MOmer, J.Terlecki, M.Gustavsson, 
P.Granestrand, and P.Svensson, “ Polarization-insensitive, monolithically 
4x4 InGaAsP-InP laser amplifier gate switch matrix", ffiEE Photon. Technol. 
Lett., vol.7, pp.1291-1293, 1995. 
[Brya89] R.P.Bryan, JJ.Coleman, L.M.Miller, M.E.Givens, R.S.Averback,and 
J.L.Klatt, “ Lnpurity induced disorded quantum well heterostructure stripe 
R-1 
geometry lasers by MeV oxygen implantation “，Appl. Phys. Lett., vol.55, 
pp.94-96, 1989. 
[Burk95] S.Burkner, J.D. Ralson, S.Weiser, J.Rosenzweig�E.C.Larkins, R.E.Sah, and 
J.Fleisner, “ Wavelength tuning of high-speed InGaAs-GaAs-AlGaAs 
pseudomorphic MQW lasers via impurity-free interdiffusion，，’ ffiEE Photon. 
Techn. Lett., Vol.7, No.9, pp.941-943�1995. 
[Cavai91] J.A.Cavailles, M.Renaud, J.F.Vinchant, and M.Erman, “ First digital optical 
switch based on InP/GaInAsP double heterostructure waveguides “，Electron. 
Lett., vol.27, pp.699-700�1991. 
[Cavan91] B.P.Cavanachi, I.W.Marshall, C.Sherlock, and H.Wickes, "Comparison of 
bulk buried heterostructure and multiple quantum well laser amplifier 
switch", Electronics Letters, Vol.27, No.3, pp.263-265, 1991. 
[Chao91] C.P.Chao, S.Y.Hu, P.Floyd, K.K.Law, S.W.Corzine�J.L.Merz, A.C.Gossard, 
and L.A.Coldren, “ Fabrication of Low-threshold InGaAs/GaAs ridge 
waveguide lasers by using in situ monitored reactive ion etching ”，ffiEE 
Photon. Techn. Lett., Vol. 3，No.7, pp.585-587, 1991. 
[Char95a] S.Charbonneau, PJ.Poole, Y.Feng, G.C.Aers, M.Dion, and M.Davies, 
R.D.Goldberg, and I.V.Michell, “ Band-gap tuning of InGaAs/InGaAsP>anP 
laser using high energy ion implantation，，，Appl., phys., lrtt., Vol. 67，no.20, 
2954-2956, 1995. 
[Char95b] S.Charbonneau, P.J.Poole, P.G.Piva�G.C.Aers, E.S.Koteles, M.Fallani, J.-
J.He, J.P.MoCaffrey, M.Buchanan, M.Dion, R.D.Goldberg, and I.V.Michell, 
“ Quantum-well intermixing for optoelectronic integration using high energy 
ion implantation，’，J. Appl. Phys., Vol. 78，pp.3697-3705, 1995. 
[Davi94a] D.A.O.Davies, M.A.Fisher, D.S.Mudhar, D.A.H.Mace, S.D.Perin, and 
MJ.Adams, “ Integrated lossless InGaAsPAnP l-to-4 optical switch ”，ffiEE 
J. Quantum Electronics, vol.30, pp.717-722, 1994. 
[Davi94b] D.A.O.Davies, “ Optical switching in InGaAsP amplifier，，，Sixth International 
Conference on Indium Phosphide and Related Material, New York, USA, 
pp.76-79, 1994. 
R-2 
[Ehrh93] A.Ehrhardt, M.Eisejt, G.Gropkopt, L.Kuller, R.Ludvig, W.Pieper, R.Schnabel, 
and H.G.Weber, “ Semiconductor laser amplifier as optical switching gate", 
J. Lightwave Technol .�vol . l l�pp.1287-1295, 1993. 
[Fran94] C.Francis, F.HJulien, J.Y.Emery, R.Simes, L.Goldstein, “ Selective band-gap 
blushifting of InGaAsP/LiGaAs(P) quantum wells by thermal intermixing 
with phosphorus pressure and dielectric capping，，，J.Appl. Phys., vol.75, 
pp.3607-3610�1994. 
[Fuji90] M.Fujiwara, S.Suzuki, H.Nishimoto，，，Line capacity consideration for a 
photonic space-division switching system with switch matrices and optical 
amplifier” Photonic Switching E, proceedings of he Inetmational Topical 
Meeting, p.382-5, Berling, Germany, 1990. 
[Gard85] E.E.Gardner,P.A.Schumann, “measurement of resistivity of silicon 
epitaxial layers by the three-point probe technique，，，solid-state 
Electronics, vol.8, ppl65-174, 1985. 
[Gill93] W.P.Gillin, I.V.Bradley, W.L.Foo� K.P.Homewood� S.D.Perin and 
P.C.Spurdens�“ Group V interdiffusion in Lio.66Gao.33As/ to0.66Ga0.33As0.7P0.3 
quantum well structures ’，，Fifth international conference on Indium 
Phosphide and related material, MB2, pp.33-35, 1993. 
[Gill93] W.P.Gillin, I.V.Bradley, W.L.Foo, K.P.Homewood, S.D.Perin and 
P.C.Spurdens, “ Group V interdiffusion in Li0.66Ga0.33AsAn0.66Ga0.33As0.7P0.3 
quantum well structures “，MB2, pp.33-35.1993. 
[Glas93] G.Glastre, D.Rondi, A.Enard, E.Lallier, R.Blondeau and M.Papuchon, 
“Monolithic integration of 2x2 switch and optical amplifier with 0 dB fiber to 
fiber insertion loss grown by LP-MOCVD，，，Electronics Letters, vol.29, 
pp.124-126, 1993. 
[Gust92] M.Gustavsson, B.CagerstrOn, L.Thylen, MJanson, L.Lundgren, A.C.MOmer, 
M.Rask and B.Stoltz, “ Monolithically integrated 4x4 InGaAsP/InP laser 
amplifier gate switch arrays", Electron. Lett., vol.28, pp.2223-2225, 1992. 
R-3 
[Hama92] K.Hamamoto T.Anan, K.Komatsu, M.Sugimoto and LMito, “ First 8x8 
semiconductor optical matrix switches using GaAs/AlGaAs electro-optic 
guided-wave directional couplers，，, Electron. Lett., vol. 28，pp.441-443, 1992. 
[Han94a] Han Dejun and K. T. Chan, “ Refractive index of AlInGaAs layers in the 
transparent wavelength region “，ffiEE Lasers and Electro-Optics Society, 
7th Annual Meeting, Digest, Vol.2, pp.349-350, Boston, MA, 1994. 
[Han94b] Han Dejun, Chan, K.T., Li Guohui, Wang Wenxun, En-Jun Zhu,，，A semi-
insulating/n+-stmcture in GaAs substrates by high energy implantation", 1994 
ffiEE Hong Kong Electron Devices Meeting, p. 58-61，18 July 1994，Hong 
Kong. 
[Han95a] Han Dejun; Chan, K.T.; Li GuoHui; Wang WenXun; En-Jun Zhu, “A novel 
MESFET fabricated by a simple internal interconnection technique", ffiEE 
Transactions on Electron Devices, Vol: 42，p. 370-372, 1995 
[Han95b] Han Dejun; Chan, K.T.; Li Guohui; Wang Wenxun; Zhu Enjun, “A SIAf" 
structure in semi-insulating GaAs substrate by high energy implantation，，， 
Nuclear Instruments & Methods in Physics Research, Section B [Beam 
Interactions with Materials and Atoms], Vol. BlOO, p. 65-68，1995 
[Hari89] W.A.Harison, “ Elementary theory of heterojunction “，J. Vac. Sci. Technol., 
vol.l4, pp.256--258, 1989. 
[Hawd93] BJ.Hawdon, T.Tuken, A.Hangleiter, R.W.Glew, and J.E.A.Whiteaway, “ 
Direct comparison of InGaAs/InGaAlAs and InGaAs/InGaAsP quantum well 
modulators，，，Electron. Lett., vol.29, pp.705-707�1993. 
[Hira93] T.Hirata, M.Suehiro, M.Hihara, M.Dobashi, and H.Hosomasu, “ Demonstration 
of a waveguide lens monolithically integrated with a laser diode by 
compositional disordering of a quantum well，，，BEEE Photon. Techn. Lett., 
vol. 5，pp.698-700, 1993. 
[Hofs95] D.Hofstetter, H.P.Zappe, J.E.Epler�and P.Riel, “ Monolithically integrated 
DBR laser, detector, and transparent waveguide fabricated in a single growth 
step，，，ffiEE Photon. Lett” vol.7’ pp.1022-1024, 1995. 
R-4 
[Hour95] J.Hourany, C.Chauzat, M.Billard�D.De Bouard, and R.Lettevre, “ Wavelength 
opticayelectronic encoding module for ATM optical-switching", ffiEE 
Photon. Technol. Lett., vol.7, pp.1306-1308, 1995. 
[Dced81] M.Dceda, “ Laser diode switch", Electronics Letters, Vol.l7, No.23, pp.889-
890，1981. 
[Ishi94] T. Ishikawa, J.E.Powers, “ Band lineup and In-plane effective mass of 
InGaAsP or InGaAlAs on LiP strained-layer quantum well", ffiEE J. of 
Quantum Electronics, Vol.30, pp.502-510, 1994. 
[Jack91] T.EJackman, S.Charbonneau, L.B.Allard, R.L.Willians, LM.Templeton, 
M.Buchanan, M.Vos, LV.Mitchell, and J.A. Jackman, Appl. Phys Lett., 
vol.59, p p . 2 7 � 1 9 9 1 . 
[Jans92] M.Janson, L.Lundgren, A.-C Moner, M.Rask, B.Stoltz, M.Gusavson and 
L.Thylen, “ Monolithically integrated 2x2 InGaAsPAnP Laser amplifier gate 
switch arrays", Electron. Lett., vol.28, pp776-778, 1992. 
[Jona93] MJona, H.Horikawa, C.Q.Xu, K.Yanada, Y.Katoh, and T.Kamjoh, “ 
Polarization insenstitive semiconductor laser amplifier with tensile strain 
InGaAsP/InGaAsP multiple quantum well structure", Appl. Phys. Lett., 
vol.62,pp.l21-122, 1993. 
[Kade94] C.Kaden’ H.-P.Gauggel, V.Hofsass, A.Hase, H.Schweizer, H.Kunzel�“ Gain 
coupled distributed feedback lasers realized by masked implantation 
enhanced intermixing，，，Appl. Phys. Lett., vol.65, pp.3170-3172, 1994. 
[Kahe89] K.B.Kahen�D.L.Peterson, G.Rajeswaran�and D.J.Lawrence. Appl. Phys. 
Lett., vol.55,pp.651, 1989. 
[Kalm92] R.F.Kalman, L.G.Kazovssky, and J.W.Goodman, “ Space division switches 
based on semiconductor optical amplifiers，，’ ffiEE Phton. Technol. Lett” 
vol.4�pp.1048-1051, 1992. 
R-5 
[Kapo87] E.Kapon and R.Bhat, “ Low-loss single-mode GaAs/AlGaAs optical 
waveguides grown by organometallic vapor phase epitaxy", Appl. Phys. Lett., 
vol.23,pp.l628-1630, 1987. 
[Kasu91] A.Kasukawa, R.Bhat, C.E.Zah, M.A.Koza, and T.P.Lee, “ Very low threshold 
current density 1.5 jLUn GaInAs/AlGaInAs graded-index separate-
confinement-heterostructure strained quantum well laser diodes grown by 
organometallic chemical vapor deposition", Appl. Phys. Lett., vol.59, 
pp.2486-2488, 1991. 
[Kiri94a] T.Kirihara, M.Ogawa, H.Inoue, H.Kodera and K.Ishida, “ Lossless and low-
crosstalk characteristics in an InP-based 4x4 optical switch with integrated 
single stage optical amplifier”，ffiEE Photon. Technol. Lett., vol.6, pp.218-
221, 1994. 
[Kiri94b] T. Kirihara, M.Ogawa, S.Tsuji, H.Inoue, “ High-speed signal-transmission 
performance in a lossless 4x4 optical switch for photonic switching”， 
OFC'94, optical Fiber Communication, vol.4, 1994，Technical Digest Series, 
p.55, Washington DC, USA, 1994. 
[Koth88] G.P.Kothival and P.Bhattacharya, J. Appl. phys., Vol.63, pp2760, 1988. 
[Krij91] M.P.C.M.Krijn, “ Heterojunction band offsets and effective masses in EI-V 
quaternary alloys “，Semicond. Sci. Technol., vol.8, pp.27-31, 1991. 
[Kuna93] M.Kunar, V.Gupta, G.N.DeBrabander, P.Chen, J.T.Boyd, AJ.Steckl, 
A.G.Chao, H.E.Jackson, R.D.Bumham, and S.C.Smith, “ Optical channel 
waveguides in AlGaAs multiple-quantum-well structures formed by focused 
ion-beam-induced compositional mixing，，，ffiEE Photon. Techn. Lett., vol.4, 
pp.435-438, 1993. [Lee90] [6.3b] J-L Lee, et al., "Vacancy-type defects in 
Si+-implanted GaAs and its effects on electrical activation by rapid thermal 
annealing，，，J. Appl. Phys., Vol.67, p6153, 1990. 
[KUPH84] E. Kuphal, “ Phase diagrams of InGaAsP, InGaAs and LiP lattice-matched to 
(100)InP，，，J. Crystal Growth, vol.67, pp.441-457�1984. 
[Li91] E.H.Li and B.L.Weiss, “The optical properties of AlGaAs/GaAs hyperbolic 
quantum well structure", J. Appl. Phys., vol.70, pp.1054-1056, 1991. 
R-6 
[Li93] E.H.Li and B.L.Weiss, “ Enhanced electroabsorption in disordered AlGaAs/GaAs 
quantum well ”，ffiEE Photon. Technol. Lett., vol.5, pp.445-448, 1993. 
[Li94] Z.M.Li, M.Dion, Y.Zou, J. Wang, M.Davies, and S. P. McAlister, “ An a 
pproximate k.p theory for optical gain of strained InGaAsP quatntum-well 
lasers", IEEE J. of Quantum Electronics, vol.30�pp.538-546, 1994. 
[Mace90] D.A.H .Mace, MJ.Adams, T.Singh, M.A.Fisher and I .D.Henning�“ 1X2 
lossless semiconductor optical switch “，Electron. Lett., vol.27, pp.198-199, 
1990. 
[Made91] O.Madelung, Semiconductor: group FV elements and HI-V compounds, 
Spring-Verlag Berling Heidelberg, 1991. 
[Masu91] A.N.M.Masum Choudhury, P.Melnan, A.Silletti, E.S.Koteles, .Foley, and 
B.Elman, “ Metal-semiconductor-metal demultiplexing waveguide 
photodetectors in InGaAs/GaAs quantum well structures by selective 
bandgap tuning ”，IEEE Photon. Techn. Lett., vol.9, pp.817-820, 1991. 
[Math92] Atui Mathur and P.Daniel Dapkus, "Polarization insensitive strained quantum 
well gain medium for lasers and optical amplifiers，，，Appl. Phys.Lett., vol.61, 
pp.2845-2847, 1992. 
[Mcke94] A.Mckee, CJ.McLean, A.C.Bryce, R.M.De La Rue, and J .H .Mash � and 
C.Button, “High quality wavelength tuned multiquantum well 
GaInAs/GaInAsP lasers fabricated using photoabsorption induced disordering 
，，，Appl. Phys. Lett., Vol.65, pp.2263-5,1994. 
[Mond92] MJ.Mondry, Z.M.Chang, M.G.Peters and L.A.Colden, “ Low threshold 
current density 1.55 ^im (In,Ga,Al)As quantum well lasers grown by BE", 
Electron. Lett., vol.28, pp.1471-1472, 1992. 
[Moss92] D.Moss, D.Landheer, D.Conn, D.Halliday, S.Charbonneau, G.Aers, R.Barber, 
F.Chatenoud, “ High-speed phtodetector in a reverse biased GaAs/AlGaAs 
GRDSFSCH SQW laser structure", ffiEE Photon. Technol. Lett .�vol.4�pp.609-
611,1992. 
[Naga88] H.Nagai, S.Adach, and T.Fukui, DI-V mixed crystals, Tokyo, Japan: Corona 
1988. 
R-7 
[Naho78] R.E.Nahory, M.A.Pollack, and W.DJohnston,Jr.,and R.L.Bams, “ Band gap 
versus composition and demonstration of Vigard's law for Inl-xGaxAsyPl-y 
latice matched to InP", Appl. Phys. Lett., vol.33, 659-661, 1978. 
[Namb74] S .Namba � Ed. , Ion Implantation in Semiconductors Science and Technology, 
(P l enum � New York and Landon, 1974)，p.57-63. 
[Nell89] M.O'Nell, A.C.Bryce, J.H.Marsh, and R.M.DeLaRue, “ Multiple quantum well 
optical waveguides with large absorption edge blue shift produced by boron 
and fluorine impurity-induced disordering ”，Appl. Phys. Lett., vol. 55, 
pp.1373-1375�1989. 
[Newk93] M.A.Newkirk, B.LMiller, U.Koren, M.G.Young, M.Chien, R.MJopson, and 
C.A.Burrus, “ 1.5 |Lim multiquantum-well semiconductor optical amplifier 
with tensile and compressively strained wells for polarization-independent 
gain “，IEEE Phton. Techn. Lett., vol.4, pp.406-408, 1993. 
[Nolt95] H.-P.Nolting and M.Gravert, “ Architecture of crosstalk-reduced digital 2x2 
switch(CRDOS)", ffiEE Photon. Technol. Lett., vol.7, pp.l294-1296, 1995. 
[Ooi95] B.S.Ooi, S.G.Ayling, A.C.Bryce, and J.H.Marsh, “ Fabrication of multiple 
wavelength lasers in GaAs-AlGaAs structures using a one-step spatially 
controlled quantum-well intermixing technique ”，ffiEE Phton.Techn. Lett., 
Vol.7, No.9, pp.944-946, 1995. 
[Papp92] S.A.Pappert, W.Xia, B.Zhu, A.R.Clawson, Z.F.Guan, P.K.L.Yu, S.S.Lau, “ 
Simulaneous disordering and isolation induced by ion mixing in InGaAs/InP 
superlatice structures “，J.of Appl. Phys., vol.72, pp.1306-1311, 1992. 
[Papp94] S.A.Pappert, W.Xia, X.S.Jiang, Z.F.Guan, B.Zhu, Q.Z.Liu, L.S.Yu, 
A.R.Clawson, P.K.L.Yu, and S.S.Lau, “ Planar 1.3 ^im InGaAs(P)/InP 
electroabsorption waveguide modulators using oxygen ion mixing and the 
photoelastic effect，，, J.appl.Phys., Vol.75�No.9, pp.4352-4351, 1994. 
[Pear89] S.J.Pearton, C.R.Abemathy, W.S.Hobson, A.E.Von Neida, “ Implant isolation 
mechanisms in GaAs, AlGaAs, LiP and InGaAs “，Advances in Materials 
Processing and Devices in EI-V Compound Semiconductors Symposium, 
p.433-8�1989. 
R-8 
[Pool95] PJ.Poole, S.Charbonneau, G.C.Aers, T.E.Jackman, M.Buchanan, M.Dion, 
R.D.Goldberg, and I.V.Michell, “ Defect diffusion in ion implanted AlGaAs 
and InP: Consequences for quantum well intermixing “，J.Appl. Phys, vol.78, 
pp.2367-2371, 1995. 
[Pool96] PJ.Poole, S.Charbonneau, M.Dion, G.C.Aers, M.Buchanan, R.D.Goldberg, 
and I.V.Mitchell, “ Demonstration of an ion-implanted wavelength-shifted 
quantum -well laser，，，ffiEE Photon. Techn. Lett., Vol.8, No.l , pp.16-18, 
1996. 
[Prin93] F.E.Prins, G.Lehr, H.Schweizer, and G.W. Smith, “ GaAs/AlGaAs quantum 
dots by implantation induced intermixing ”，Appl. Phys. L e t t . � v o l . 6 3 , 
pp.1402-1404, 1993. 
[Rand95] A.Randane, P.Krauz, E.V.K.Pao, A.Hanoudi, A.Ougazzaden, D.Robein, 
A.Gloukhian, and M.CCare, “ Monolithic Integration of InGaAsP-InP 
strained-Layer Distributed Feedback Laser and external modulator by 
selective quantum well interdiffusion ’，，ffiEE Photon. Technol. Lett., Vol. 7， 
No.9, pp.1016-1018, 1995. 
[Rao93] M.V.Rao, “ High energy (MeV) ion implantation and its device applications in 
GaAs and LiP “，ffiEE Trans, on Electron Devices, vol.40, pp.1053-1066, 
1993. 
[Rao95] E.V.K.Rao, A. Hamoudi, P.Krauz, MJuhel, and H.Thibierge, “ New 
encapsullant source for HI-V quantum well disordering ”，Appl. Phys. Lett., 
Vol.28�pp.472-474, 1995. 
[Rest78] J.B.Restorff, B.Houston, J.R.Burke, and R.E.Hayes, Appl.Phys. Lett., vol.32, 
pp.l89, 1978. 
[Sada92] Sadao Adachi, Physical properties of EI-V semiconductor Compounds: LiP, 
InAs, GaAs, GaP, InGaAs, InGaAsP, John Wiley & sons�Inc., 1992. 
[Sato93] Y.Sato, K.Aida, K.Nakagawa, “ An Er-doped fiber active switch controlled by 
coded pump light", Electronics and Communications in Japan, part 1, vol.76, 
pp.36-45, 1993. 
R-9 
[Satt87] T.Sattoh and T.Mukai, “ 1.5 ^,m GaInAsP traveling-wave semiconductor laser 
amplifier", ffiEE J. ofQuantum Electronics, vol. 23，pp.1010-1019, 1987. 
[Sawa95] T.Sawano, S.Suzuki, M.Fujiwara, and H.Mishimoto, “ A high-capacity 
photonic space-division switching system for broad band networks”，J. Of 
Lightwave Technol., vol.l3, pp.335-340, 1995. 
[Schm89] S.Schmit-Pink, D.S.Chena and D.A.B.Miller�“ linear and nonlinear properties 
of semiconductor quantum wells “，Advaces in Physics, vol.38, pp.89-188, 
1989. 
[Seid93] W.Seidel and P.Voish, “ Calculations of interdiffusion and the quantum-
confined Stark effect in GaAs-GaAlAs quantum wells", Semicond. Sci. 
Technol., vol.8, pp.1885-1888, 1993. 
[Seid93] W.Seidel and P.Voioin, “ Calculations of interdiuffusion and the quantum-
confined stark effect in GaAs-AlGaAs quantum 
wells".Semicod.Sci.Technol.,Vol.8,ppl885-1888,1993. 
[Seo85] K.S.Seo, et al., “ High-quality Si-implanted GaAs activated by a two-step rapid 
thermal annealing technique，，，Appl. Phys. Lett., Vol.47, pp.500-2, 1985. 
[Silb88] Y.Silberberg, P.Perlmuter, and J.E.Baran, “Digital optical switch", Tech. Dig., 
OFC, 1988，Paper ThA3. 
[Sing92] J.Singh, I.D.Henning, D.S.Mudhar, M.A.Fisher, S.Perrin, D.A.H.Mace�and 
MJ.Adams, “ A novel twin-ridge waveguide optical amplifier switch", ffiEE 
Photon. Technol. Lett., vol.4, pp.173-176, 1992. 
[Sive94] M.Siver, P.D.Greene and A.R.Adams, “ Polarization-insensitive modulators 
based on multi-strain steped quantum well structure “，Electronics Letters, 
vol.30, pp.1890-1892, 1994. 
[Tami90] Theodor Tamir，Ed, guided-wave optoelectronics, 2nd edition, Springer-
Verlag Berlin Heidelberg, Chapter 2, 1990. 
[Thij94] PeterJ.A.Thijs, Luuk.F.Tiemeijer, JJ.M.Binsma, and Teus van Dongen, “ 
Progress in long-wavelength strain-layer InGaAs(P) quantum-well 
R-10 
semiconductor lasers and amplifiers ”，ffiEE J. Quantum Electronics, vol.30, 
pp.477-498, 1994. 
[Thor88] R.L.Thomton, W.J.Mosby, and T.L.Paoli, “ Monolithic waveguide coupled 
cavity lasers and modulators fabricated by impurity induced disordering ”，J. 
ofLightwave Techn., vol.6, pp.786-792, 1988. 
[Thyl88] L. Thylen, “Integrated optics in LiNb03: recent developments in devices for 
telecommunications，，，J. of Lightwave Tech., vol.6, pp.847-861, 1988. 
[Tier94] L.F. Tiemeijer, PJ.A.Thijs,，T.Van Dongen,，JJ.M.Bimsma, E.J.Jansen, 
AJ.M.Verboven, “ 27-dB Gain Unidirectional 1300-nm Polarization-
Insensitive Multiple Quantum Well Laser Amplifier Module “，ffiEE Phton. 
Tech. Lett., Vol. 6，pp.l430--2, 1994. 
[Tiem93] L.F.Tiemeijer, PJ.A.Thijs, T.Van Dongen, R.W.M.Slootweg�J.M.M.Van der 
Heijden, JJ.M.Binsma, and M.P.C.M.Krijn, "Polarization Insensitive 
Multiple Quantum Well Lasers Amplifiers for the 1300 nm windows", 
Appl.Phys. Lett., 62，pp.826-8, 1993. 
rWall89] Van de Walle C,G, “ “，Phys. Rev. B, vol.39, pp.l871, 1989. 
[Wake91] D.Wake, T.P.Spooner, S.D.Perrin, LD.Henning, “50 Ghz InGaAs edge-
coupled pin photodetector，，，Electronics Letters, vol.27, pp.1073-1075, 1991. 
[Weis91] Claude Weisbuch and Borge Vinter, Quantum Semiconductor Streuctures, 
Academic Press Lic., 1991. 
[Vinc92a] J.F.Vinchant, M.Renaud, A.Goutelle, M.Erman, P.Svensson and L.Thylen, “ 
Low driving voltage or current digital optical switch on LiP for 
multiwavelength system applications", Electronics Letters, vol.28,pp.ll35-
1137,1992. 
[Vinc92b] J-F. Vinchant, M.Renaud, A.Goutelle, J-L.Peyre, phJary, M.Erman, 
P.Svensson and L.Thylen, “First polarization insensitive 4x4 switch matrix 
on biP with digital optical switches", 18th ECOC'92, paper TuB7.3, Berlin, 
1992. 
R-11 
[Xion89] F.Xiong, T.A.Tombrello, H.Wang, T.R.Chan, H.Z.Chan, H.Morkoc, A.Yariv, 
“ High efficiency single quantum well graded-index separate-confinement 
heterostructure lasers fabricated with MeV oxygen ion implantation “，Appl. 
Phys. Lett., vol.54, pp.730-732, 1989. 
[Yama91] N.Yamada, G.Rose, and J.S.Haris, Jr. Appl. Phys. Lett., Vol.59, pp.3139, 
1991. 
[Yao92] J.Yao, N.Walker, G.Sherlock, “ High speed optical switching using MQW 
semiconductor laser amplifiers “，JEE Colloquium on Optical amplifiers for 
communications (Digest No.l24), p.51-56,1992. 
[Yari91] A.Yariv, Optical electronics, Chapter 5, 4th Ed., Sounders College Publishing, 
1991. 
[Yosh96] M.Yoshino and K.Inoue, ‘‘ Improvement of saturation output power in a 
semiconductor laser amplifier through pumping light injection，，，ffiEE Phton. 
Technol. Lett .�vol.8, pp.58-59,1996. and reference therein. 
[Zieg85] J.F.Ziegler�et.al., The Stopping and Ion Range of Ions in Matter, (Pergmon, 
New York, 1985). 
[Zory93] Peter S. Zory,Jr., Quantum Well Lasers, Academic Press Inc., 1993. 
[Zou91] W.X.Zou, J.L.Merz,RJ.Fu, and C . S . H o n g � “ Very-low-threshold, strained 
LiyGai-yAs-GaAs quantum well lasers defined by impurity-induced 
disordering ”，ffiEE Phton.,Lett., vol.3, pp.400-402, 1991. 
R-12 
Appendix ^ ^ 
CHARACTERISTICS OF 
STRAINED QUANTUM WELLS 
Li a QW structure, kinetic energy of confined carriers (electrons or holes) for motion 
normal to the well is quantized into discrete energy levels. This modifies the density 
of the states from the well-known three-dimension (3D) cases [Agra93]. Using the 
parabolic-band approximation, the density of the states per unit volume for the 
quantum well structure is 
卩 ’ ) = 南 （A-1) 
where m* is the effective mass of the carriers, h is the Plank constant, is the well 
width. The density of states for the three-dimension case, the density of states is 
( *\3/2 
p 3 - ( ^ ) = 4 7 c | ^ ^ J £"2 (A-2) 
It is discussed in Chapter 2 that a high gain requires population inversion of 
levels with a high density of states. Li a bulk active layer gain medium, this can only 
be achieved after filling the lower energy levels. Li a QW structure, this is 
unnecessary, the peak gain is associated with levels at the bottom of the bands 
[Zory93]. This results in a smaller transparency carrier levels and larger differential 
gain for QW gain medium than that for bulk material. Additionally, MQW structures 
show a broad gain spectrum due to the energy independence of the electron and hole 
density of states functions. 
On the other hand, The band structure of bulk HI-V compound 
semiconductors is characterized by a conduction band with light effective mass, a 
degenerate valence band at the zone center with heavy effective mass at bandgap 
energy Eg, and a spin split-off valence band at energy Eg+Ao. The asymmetric band 
structure is not benefit to reduce transparency levels and increase differential gain. 
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Because modal gain for a single QW from the lowest energy subtend transition can 
be expressed as [Thij94] 
g oc 〜 乂 (A-3) 
o max • ^ , 
m^ +m^ 
Where me and niv are the electron and hole effective mass. For a nearly symmetric 
band structure, the transparency carrier density per quantum well can be expressed as 
[Thij94] 
Ntr «= y|m^m^ (A-4) 
Consequently, the differential gain is given by[Thij94] 
^ o c - & (A-5) 
dN m^ + m^ 
From these expression, it is seen that the transparency is reduced, and differential 
gains increased with decrease hole effective mass. 
The most important effect for semiconductor material arise from lattice 
mismatch is the splitting of the light hole and heavy hole states at k=0 point. For 
compressive strain, the hh levels are brought on top of the valence band, and in-plane 
effective mass is reduced. Tensile strain brings up the light hole level on top of the 
valence band, which may also reduce the in-plane effective mass. The quantum size 
effect, introduce to the limited layer thickness enhances the valence subband 
splitting. Therefore the transparency levels and differential gain is further optimized 
for strained QW structure. 
Furthermore, for 1.5 ^m wavelength InGaAsP, the complex valence subband 
structure involve appreciable nonradiative recombinations through Auger process and 
intervalence band absorption in which the heavy-hole and spin split-off valence 
subband are involved in most case. Those deleterious process lead to a large 
operation current(Auger process also increase the temperature sensitivity) and can be 
decreased by strain effect due to the splitting of HH-LH valence subbands. 
Additionally, holes are more confined near k=0 region in a strained QW, resulting a 
large reduction in the transition for Auger recombination and intervalence subband 
absorption. This will further decrease the transparency levels. 
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INTERMIXING OF INGAAS/GAAS QW 
STRUCTURES AND ITS APPLICATIONS IN 
OPTICAL WAVEGUIDES 
Abstract— Intermixing of strained AlGaAsAnGaAs QW structures for optical 
waveguide applications is studied based on atomic diffusion theory and quasi-
empirical formulas for the calculation of refractive indices of strained InGaAs and 
AlInGaAs layers on GaAs. Our simulation shows that a quaternary AlInGaAs layer is 
formed by intermixing at nominal diffusion lengths. Various refractive indices 
pertaining to AlGaAsAnGaAs QW structures useful for the design of optical 
waveguide have been evaluated. 
I. Introduction 
A technology of intermixing quantum well (QW) structures for reducing the local 
refractive index of QW layers and providing lateral optical confinement in guided 
wave devices has been attracting much attention [l-3]. Although InP-based 1.3-^m 
and 1.55-^m devices are expected to dominate long haul transmission due to the 
wavelength requirements of previously installed low-dispersion and low-loss fiber 
trunk lines, shorter wavelength GaAs-Based emitters continue to be developed for 
short-haul, fiber based, and free space link. Recently, AlGaAs/InGaAs QW laser 
structures were fabricated using 5 MeV 0+ implantation induced intermixing with a 
dose of ~ 10i5 cm'2 [2]. This fully planar process is considerably simpler than the Si 
diffusion process for QW disordering that is commonly employed for 0.98 ^im laser 
fabrication. Although the refractive index difference between the intermixed and 
non-intermixed QW regions has been reported [3], the effective index change for the 
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entire waveguide structure is not considered. The decrease in refractive index of the 
QW layer due to the change of its composition necessarily results in an increase in 
refractive index of the adjacent layers because of an opposite change in composition. 
Hence, the increase or decrease of the effective index of the whole waveguide 
structure after disordering is not self-evident. Li this study, the effective index change 
due to intermixing of AlGaAsAnGaAs strained QW structures will be analyzed 
considering the entire heterostructure as an optical waveguide. The intermixing 
involves the interdiffusion of Li, A1 and Ga atoms and the quaternary alloy of 
AlInGaAs can possibly be formed in both the QW and barrier layers. Since there is 
no published data on the refractive index of strained AlInGaAs layers on GaAs, a set 
of quasi-empirical formulas is the first time to calculate its value. Not only the 
determination of such refractive index value is essential to this study, but also it helps 
to optimize the design of the other guided wave devices that involve strained 
AlInGaAs layers on GaAs[4]. 
II. Theoretical Consideration 
The intermixing process of AlGaAs/InGaAs QW structures is governed by the 
diffusion law, and is characterized by a diffusion length Ld = V ^ , where D is the 
diffusion coefficient and t is the thermal processing time. If we assume a 
concentration-independent interdiffusion of Li and A1 atoms with Ga atoms, the In 
and A1 concentration profiles after intermixing can be described by an error function 
distribution [5] ’ 
x(z)=xo{ l+0.5erf[(z-0.5Lz)/2 Ld]- 0.5erf[(z+0.5Lz)/2 Ld]} (1) 
where xo, Lz and Ld are initial concentration, layer thickness and diffusion length 
respectively. The diffusion length Ld can be measured by either photoluminescence 
(PL) [6，7] or secondary ion mass spectrometry (SJMS )[7]. The experimental value 
obtained by PL can be as large as 6.5 nm [6]. The measurement of Ld by SEVLS is 
more straight forward, since it dose not require the prior knowledge of the band 
structure parameters of the intermixed region. Leier et.al. [7] reported almost 
complete intermixing of the GaAs and AlGaAs layers caused by Si+ implantation and 
annealing of AlGaAs/GaAs multi-quantum well structures. A diffusion length Lz ~ 
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10 nm has been derived by fitting our compositional diffusion model with their 
experimental results. Therefore the maximum diffusion length used in our 
calculation in this study is limited to be 10 nm. 
The interdiffusion of Li, A1 and Ga atoms in AlGaAs/InGaAs heterostructure 
should result in the formation of the AlInGaAs quaternary alloy. For strained 
AlInGaAs on GaAs, there is neither experimental nor theoretical refractive index data 
available. However, if the AlAs and LiAs mole fractions are small, we may consider 
the strained AlInGaAs layer to be formed by introducing small fractions of A1 into 
strained InGaAs, then its refractive index can be described by perturbation expression 
as follows: 
nAlxInyGal-x-yAs= ninyGal-yAs+nAkGal-xAs_nGaAs � 
where nAixLiyCai-x-yAs, ninyGai-yAs, HAixGai-xAs and HcaAs represent the refractive 
index of that material. The quasi-empirical refractive index formulas of strained 
InGaAs, AlGaAs and GaAs layers can be obtained in a way similar to that used in the 
calculation of the refractive index of AlInGaAs lattice-matched on InP substrates [8]. 
The real part of the dielectric constant ei(co) in the zineblende material below the 
direct band edge can be expressed as [9]: 
� ~ j ^ 
e i ( " ) — , ( m i % � + A � ) J ^ ( x j | + ^ � 
with 
/(X) = %"^[2-(I+X)^-(I-X)^] � 
r - % � (5) 
y =i^/ � （6) 
L 7(£�+A。） 
where Eo is the lowest direct energy gap, Ao is the spin-orbit splitting energy, hco is 
the energy of photon, Ao，Bo are constants determined by fitting known refractive 
index. Li Eq.(3), the first and second term inside the curly brackets correspond to the 
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free electron-hole pair (plus continuum-exciton ) contribution arising from the Eo and 
Eo +Ao gap respectively. The constant Bo corresponds to the contribution from higher 
level gaps [9]. 
Since the imaginary part of the dielectric constant may be taken as zero in the 
transparent wavelength region, he frequency-dependent refractive index n(co) is given 
as: 
- )=e i (co)% (7) 
For the strained InyGai_yAs layer, there is an empirical relationship between the 
strained bandgap energy Eo and the In mole fraction y[10]: 
Eo=1.424-1.12y (8) 
The value of Eo+Ao is calculated using a linear interpolation between the 
corresponding values for GaAs (1.76) and InAs (0.79) [11], i.e. 
Eo+Ao=1.76-0.97y (9) 
The constants Ao and Bo are obtained by fitting Eq.(3)-(7) with the refractive indices 
of strained Lio.2Gao.8As /GaAs single quantum wells and bulk GaAs which are 
calculated using the complex dielectric function, having taken into consideration the 
contributions from F, X，and L in Brillouin Zone [12]. 
Ao=9.29-21.79y (10) 
Bo=7.86+9.79y (11) 
The refractive index of strained InGaAs as a function of wavelength and In mole 
fraction is shown in Fig. 1. Results calculated from [12] are also included as dots for 
comparison. 
The values ofE� �Eo+Ao, � a n d Bo for AlxGai_x-yAs are given in Ref. [11]. They are: 
Eo= 1.425+1.155x+0.37x^ (12) 
Eo+Ao= 1.765+1.115x+0.37x^ (13) 
Ao=6.3+19.0x (14) 
Bo=9.4-10.2x (15) 
the refractive index of GaAs can be derived from that of AlxGai_x_yAs by setting x=0. 
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It is worth to note that the model employed in this study to calculate refractive index 
of InGaAs, AlGaAs, GaAs and AlInGaAs is valid only in the transparent wavelength 
region [9], Therefore our calculation is terminated at the point when the photon 
energy become equal to the bandgap energy of InGaAs. After ion implantation 
induced intermixing, the refractive index within each layer is no longer smooth. 
Since our numerical model for the calculation of effective index cannot treat a 
varying refractive index within a single l a y e r � w e have to use an averaged refractive 
index for all the layers. 
III Results and Discussion 
A strained AlGaAs/GaAsAnGaAs QW structure for 0.98 [im lasers is employed in 
this study. It consists of a 10-nm strained Lio.2Gao.gAs single QW separated by 10-nm 
GaAs barriers. The QW structure is embedded in multi-step grading AlxGai_xAs 
(x=0.2-0.5) waveguiding layers of 180 nm width, the cladding layers are 1.2 ^m 
thick Alo.5Gao.5As (refer to Fig. 2(a)). Interdiffusion is assumed to take place in the 
whole heterostructure which can be realized by Mev ion implantation induced 
intermixing [2]. The A1 and In diffusion in the implanted region is essentially the 
interdiffusion between Li and Ga atoms and between A1 and Ga atoms. Li being 
larger than A1, would be expected to be less mobile in implantation damaged 
material. However, their diffusion process is strongly dependent on group HI latice 
vacancies which is largely determined by the interdiffusion between Li (or A1) and 
Ga, therefore the diffusion lengths of the group HI atoms are assumed to be equal and 
about the same order as that of A1 atom reported in reference [7]. The A1 and Li 
composition profiles before and after intermixing are modeled and the results are 
shown in Fig. 2 (a) and (b) respectively for Lz = 10 nm. It is evident that A1 and Jn 
atoms mix with one another in both the barrier and QW regions after interdiffusion, 
thereby forming the quaternary AlInGaAs. The refractive index profiles before and 
after intermixing are shown in Fig.2 (c) at the wavelength of 1.05 |Lim. The 
contributions of the interdiffusion of A1 and Jn atoms to the changes in the refractive 
index of the QW and the effective index of the whole structure are listed in Table I. 
The change of effective index of the AlGaAs/InGaAs heterostructure at various 
diffusion lengths and operational wavelengths are listed in Table II. 
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From the above results we can conclude: 
(1) Intermixing in AlGaAs/InGaAs QW structures produce a quaternary AlInGaAs 
QW layer. The interdiffusion of both ln and Al atoms contributes to the change of 
the effective index. The larger the diffusion length is, the greater is the effective 
index change; 
(2) The refractive index of individual intermixed layers may increase because its net 
Al composition decreases or its net In composition increases. However, because 
Al atoms always diffuse into the QW region and Li atoms always diffuse out from 
the QW region due to composition gradients, the refractive index of the QW layer 
and the effective index of the whole structure always decrease. Although the 
decrease of refractive index in the QW layer is fairly large, the corresponding 
decrease of the effective index is much smaller, because the change in refractive 
index in the surrounding thick layers is fairly small; and 
(3) A larger change in the refractive index will be experienced by a lightwave of 
shorter wavelength. This results from a rapid increase in the refractive index as 
the wavelength decreases towards cut-off (refer to Fig.l). The maximum change 
of effective index will be achieved when the operating wavelength equals the cut-
off wavelength. Therefore, the intermixed AlGaAs/InGaAs QW structures for the 
fabrication of optical waveguides is most useful when the lightwave is close to the 
cut-off wavelength of the waveguide. There is not much benefits by using this 
waveguide structure in long wavelength region as the effective index change may 
be too small. 
IV Summery 
Based on atomic diffusion theory and a set of quasi-empirical formulas to calculate 
the refractive index of strained InGaAs and AlInGaAs layers on GaAs, we have 
studied the characteristics of intermixing in strained AlGaAsAnGaAs QW structures 
for optical waveguides. Our calculation shows that a quaternary AlInGaAs layer is 
formed by intermixing at nominal diffusion lengths. Various refractive indices 
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pertaining to AlGaAs>lnGaAs QW structures useful for the design of optical 
waveguide have also been evaluated. 
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TABLE I THE CONTRffiUTIONS OF THE DS[TERDnTUSION OF AL AND JN ATOMS TO THE 
CHANGES JN THE REFRACTIVE _ E X (N) OF THE QW AND THE EFFECTIVE ESTDEX (NEFF ) 
OF THE ALGAAS/ESfGAAS STRUCTURE (Lo = 10 NM, AND X = 1.05 ^lM )• 
Starting Considering Considering Considering both In 
Material In Atoms A1 Atoms and A1 Atoms 
~ n and its relative 3.56522 3.48708 3.53587 3.45773 
change ofQW -2.1917% -0.8232% -3.0150% 
~~neffand its relative 3.25920 3.25833 3.25792 3.25709 
change -0.0265% -0.0393% -0.0647% 
TABLE n THE EFFECTIVE ES[DEX Neff AND YTS RELATIVE CHANGE OF THE 
DISORDERED AlGaAs/InGaAs STRUCTURE FOR VARIOUS Lo AND X. 
X neff of Starting neff and its relative change for various Ld 
(p,m) Material 5 nm 7.5 nm 10 nm 
1.05 3.25920 3.25780 3.25740 3.25709™™ 
-0.0428% -0.0553% -0.0647% 
1.3 3.18227 3.18199 3.18180 3.18163 
-0.0089% -0.0148% -0.0205% 
1.55 3.14505 3.14501 3.14475 3.14464 
-0.0015% -0.0098% -0.0131% 
a N M M M M M M M M M M W M M W M M M M M M M M M M M M M M H M M M M N M M M n M M M M M M M M M M M M M M M M M M M M M n M M M M N M M M M M M M M M M M M M M M M M M M M M M M M M M M M M M M M M M M N M M M H M M N M M M M M M M M M M M M M M M M N M M M M M M M M M M N M M W 
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Fig. 1 Dependence of refractive index of strained LiyGai_yAs layer on wavelength and 
Li mole fraction. The results calculated in reference [12] are also shown as dots for 
comparison. 
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Fig.2 (a) A1, Li composition profile in the AlGaAs/InGaAs QW structure before 
intermixing process; (b) A1, In composition profile in the AlGaAs/InGaAs QW 
structure after intermixing process; (c) refractive index of the AlGaAs>InGaAs QW 




DOS Digital optical switch 
GRESf Grade index 
HE-HEI High energy ion implantation enhanced intermixing (or interdiffusion) 
ffYD Impurity free vacancy diffusion 
LAG Laser amplifier gate 
QCSE Quantum confined Stark effect 
SCH Separate confinement heterojunction 
SOA Semiconductor optical amplifier 
TGA Twin guide amplifier 
Y-JOS Y-junction optical switch 
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